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ABSTRACT

Thias report presonts rescarch into estimation and control methods ;
for a "Drag-Frec" spacecraft., This wurk represents the functional and

' analytical synthesis of on-board cstimators and controllers for an integrated ;

ff attitude and translation control system. An earlier study [4] addressed

?j the general feasibility of a drag-free STARPROBE (Solar Probe) spacecraft,

Ef- This effort pursues the basic issues raised in the preceding study and i
H%’ creates the framework for detail definition and design of the baseline ' 3
=i drag-free systeni, The techniques for solution of self-gravity and electro-
=? static charging problems are applicable generally, as is the control system %

f’ development, ;
s
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£, TINTRODUCTION
A. Background

The Starprobe spacecraft has becn designed for a study of thc nearest
star to Earth, the Sun, Three classes of experiments have been identified
for the Starprobe mission, These are: fields and particles experiments,
imaging science experiments, and radiometric/gravitational experiments, The
perihelion distance of four solar radii will provide a unique opportunity
for obtaining this science data,

The close passage of Starprobe to the Sun also allows for precision
gravitational experiments to be performed, Using Earth-based tracking and a
model of the sun's gravitational field, it will be possible to extract
parameters which describe the sun's gravitational potential., There is
specific interest in extracting the sun's quadrupole moment, J2, and possibly
higher harmonics, as well as gravitational parameters which arise due to
relativistic effects of the sun, However, non-gravitational effects, such
as solar pressure, would result in such large uncertainties in the gravita-
tional model that little useful information would be obtained, Fortunately,
these non-gravitational effects can be almost entirely removed by incorpora-
tion of a "drag-free" translation control system., The drag-free control
system concept has been demonstrated on TRIAD, an Earth orbiting satellite,
and non-gravitational spacecraft accelerations were shown to be reduced to a
level of 5 x lO’lzg's. The Starprobe spacecraft with such a control system
in conjunction with ground tracking would be able to provide valuable infor-

mation on the sun's gravitational field,

B. New Issues

12

The drag-free system on TRIAD operated at the level of 5 x 107 “g's.

This would certainly be adequate for Starprobe, However, significant

P -



diffaerances exiat between these two spaccerafft and thelr mission environments,
The gravity-gradient atabllized TRIAD apacecraft wan dedleated to proof of
the drag~free control concept, As such, the entire apacoeraft was configurad
around this drag-free instrumentation, Moving, or variable massos werc kept
to a minimum, and were physically locatod on booms a large distance from the
drag-free sensor, The electromagnetic environment was benign for the 800 km
Earth orbiting TRIAD, On the other hand the multi-experiment Starprobe is
not uniquely configured around the drag-free system, In fact it is necessary
to achieve the required drag-free performance in spite of relaxation in
spacecraft configuration constraints. Specifically, Starprobe will differ
from TRIAD in the following aspects,

1) The Starprobe drag-free control system will not necessarily be
located at the spacecraft center of mass, This will produce coupling
between the attitude control and translation control systems. This effect
is especially pronounced during imaging slews of the spacecraft (both cross-
track and in-track during which time drag-free accuracy must be maintained),

2) The Starprobe drag-free control system must operate in spite
of moving antenna, articulated instruments, fuel depletion, and spacecraft
thermal distortions, These effects may all result in self-gravity distur-
bances,

3) ‘The Starprobe drag-free control system may operate in severe
electromagnetic and high energy particle environments (solar and Jovian)[7].
Should the proof mass attain a net charge due to this environment, electro-

static forces will degrade the drag-free trajectory. (See also Appendix E,)

C. Purpose of the On-Board Estimator
To some extent, increased computational work on board the spacecraft
can compensate for some of the previously mentioned "new issuecs," This addi-

tional computation takes the form of an on-board estimator.




The basic purpose of the on-hoard catimator 1s to provide stata
information for the attitude/tranalation control aystem; to incorporate
sonsed mase redistribution and the proof mass position for an integratod
proof mass trajectory dotermination; and to eithor identify, or minimize the
effects of proof mass charge,

The focus of this report will be on the various aspects of drag-
free cstimation and control for Starprobe. The relevant dynamics will be
presented, first, This will be followed by sections devoted to each of the
new issue areas for drag-free control, The results will then be discussed

and future research needs identified,

II. DYNAMICS

In order to describe the proof mass trajectory around the sun, and
the rotational and translational dynamics of the spacecraft, four vector
equations of motion are required. Prior to presenting these equations,
gseveral figures will be presented here for concreteness, and for future
reference,

The first figure (Fig, 1) illustrates the nominal trajectory of the
spacecraft around the sun., The trajectory takes the spacecraft from north
of the ecliptic plane to south of the ecliptic plane. The magnified view of
the trajectory shows the spacecraft nadir pointed,

Figure 2 shows the spacecraft fixed coordinate system. The +z
axis 1s in the shield direction, the +» axis is up, and the +y axis is out
of the page, This coordinate system will be adhered to for all translational
and rotational motions and analysis,

Finally, ¥Fig., 3 is a schematic of the proof mass in the proof mass
cavity, Note that the center of mass of the spacecraft does not coincide

with the center of the cavity in this {illustration,
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A, Orbital Dynamies

It 18 the shialded proof masa itaclf that followa a balliatie
drag-froe teajectory around the aun, The romaindar of tho npaceeraflt varfoymn
continuoun otationkeoping about the proof wago, so the ontiro spacocraft 1o
drag=froc, Let R bo the veetor from the sun to tha proof masa, thon the

orbital cquarions of motlon for vhe proof mass is glvon by

"

Y
mRﬂVU(§)+'ﬁez+i§

o (2,1)

In (2,1) U is the scalar gravitational potential of the Sung Fez
and Fsg are electrostatic and self-gravity forces respectively; m ls the
mass of the proof mass, It can be seen in the absence of electroctatic and
self-gravity forces, and to the accuracy retained here, the proof mags follows
a purely gravitational path, It is therefore vital to minimize directly

the electrostatic and self-gravity forces, and to know indirectly their

residual effects on the trajectory of the spacecraft,

B, Spacecraft Translational Dynamics

For the spacecraft as a whole to fly drag-free, a control system
must be implemented to maintain the spacecraft relative to the proof mass,
A prerequisite to controlling the spacecraft in such a manner is a model of
the gpaceeraft dynamics with respect to the proof mass, Letting M be the
mass of the spacecraft, 3, the vector from the center of the cavity to the
gpacecraft mass center, and T the vector from the center of the cavity to
the proof mass, the equations of motion of the spacecraft center of mass may

be written vith respuct to the (inertial) proof mass as follows
+> > >
M(p - r) = FC + Esp (2.2)

“e
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Again, to the accuracy retained in this model, the only forces
shown affecting the spacecraft are the control forces, %c, and the solar
pressure forca, %BP' The vbjective of the translation control system is
to keep ? small, 1.,e,, keep the spacecraft centered around the proof mass
in spite of some center of mass offset, The solar pressure force is continuous

in nature, while the control force ls produced by on-off translation thrusters,

C, Spacecraft Rotational Dynamics

Certainly, attitude control is a vital part of the Starprobe mission,
However, in the past attitude control has usually not been a part of a drag-
free translation control system, The reason that the topic of attitude
control must be discussed for the Starprobe drag-free control system is due
to center of mass offset from the center of the cavity, Looking at Fig, 3,
it can be seen that even if the proof mass is at the center of the cavity,
a rotation of the gpacecraft about its mass center will produce a relative
motion of the proof mass in the cavity, Essentially, if the center of mass
of the spacecraft is offset from the cavity center, control fuel will have to
be expended in order to cause the spacecraft to rotate about the center of the
cavity, rather than about its center of mass, The rotational dynamics of the

spacecraft may be simply written as

>
>

d +
.a..g (I . w) = :fC + %sp (2s3)

xS
->
T is the spacecraft inertia tensor, w is the spacecraft angular velocity,

and Tc and Tsp are control torques and solar pressure torques respectively,

D, Charge Interaction
The Starprobe drag-free control system must operate in a harsh

elecrroragnetic and high cnergy particle environment, [7]. Since the proof

PRy -t
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mass must remain isolated from the remainder of the spacecraft to achicve
drag~free performance, the posaibility of the proof mass acquiring a neﬁ
charge arises. Of coursa, i1f the proof mass does become charged, electro~
static forces will cause it to be attracted to the spacecraft nand thus
deteriorate the drag-free performaance, In order to reduce the impact of
proof mass charge, a good understanding of how the charge affects the proof

mass dynamics must be available, The model used for these studies is given

as

mre= Fez (204)
where all the terms have been previously defined, It should be noted that
the exact form of the electrostatic force as a function of the proof mass

charge, the proof mass position, and the voltages on the capacitive proof

mass position sensor plates has been an area of parallel researchfl’z)

III. SPACECRAFT ATTITUDE AND TRANSLATION CONTROL SYSTEM
A, Control Objectives

The STARPROBE control system is a complete 6-degree-of-freedom
design which provides both attitude and translation control on all three
spacecraft axes, Spacecraft attitude control will be required throughout
the entire mission while tramnslation control is required mainly for the
drag-free solar encounter phase of the mission. The functional objectives of
the total control system can be summarized as follows:

1) Maintain highly accurate and stable pointing control of the
spacecraft relative to the sun and an inertial attitude
reference frame,

2) Provide precise drag compensation and translation control of

the spacecraft relative to the proof-mass trajectory reference,

Ve et
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3) Minimize the control gas usage and the translation thrustaers
on/off cycles, eapocially during the solar encounter when
there 1s a onc-slded solar pressurc force acting on tho spaca-
craft,
4) Minimize the disturbances on the proof mass trajectory due
to spackcraft-proof mass dynamilc interactions which arise from
gources such as electrostatic charges and self-gravity.
Performance requirements for this control system are derived from
science experiment objectives, spacecraft design considerations, and the
environments through which the spacecraft is expected to pass. Science
objectives were discussed earlier in this report and spacecraft design
considerations have been studied in other reports.(5’6) The problems of
integrating a combined attitude/translation control system into a spacecraft
with constraints on mass, power consumption, and unique thermal shielding
pose significant limitations on the control system design, For example, the
thermal shielding will necessitate that some of the control system gas jets
be canted with respect to the major axes of the spacecraft, thus causing a
decrease in the usable  amount of control force and an incrcase in the amount
of fuel needed to sufficiently maintain control. For reasons such as this, it
is very important to optimize the way in which control actions are taken so
as to maximize their effect and minimize the fuel required, The control
gystem design concept that {8 currently being developed to provide this kind
of optimized control is shown gschematically in Figure 4, The figure shows not
only the spacecraft dynamics but also the proof mass dynamics. Because the
two are coupled, the overall system performance is dependent on both, A
complete description of this flgure and a computer simulation program that is

based on it 18 presented in the following subsections,
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B, Control Syatem Deacription

The combined aspaceer:ft attitude and translation control asystem
deslgn shown In Figure 4 Inc 28 tie inertially referenced dynamies of the
proof mass, The spacecraft translation control system ie required to track

the proof mass motion (L.e, the proof mass solar flyby trajectory) such

ek e AN _ mbd. e &

that the proof mass cavity is centered with respect to the proof mass, This
means that translation control will be referenced to the proof mass position,
while attitude control will be referenced to inertial coordinates, This é

combination is acceptable because radiometric telemetry data from the space=~

craft can be used to determine its position in inertial coordinates while

the tranmslation control system provides the spacecraft position relative to

the proof mass, Thus, the proof mass location will be known in inertial
coordinates, The primary force that will influence the proof mass and space-~
craft trajectories will be solar gravity., In addition to solar gravity the
spacecraft will have solar radiation pressure acting on it, The spacecraft
will shield the proof mass from the solar pressure so the proof mass trajectory
will not be affected by it, Solar gravity and pressure are represented in 1
Figure 4 by the block labeled "environment," Other forces that will influence 4
the spacecraft and proof mass trajectories will be coupling effects which é
arise from electrostatic charge and sclf-gravity. These forces will act |
equally and in opposite directions on the spacecraft and proof mass as shown,
The location of the proof mass in its trajectory 1s shown in the figurc as
xP/M' "The summation of solar gravity and pressure forces, coupling forces,
and control system forces and torques will determine the spacecraft's
trajectory and orientation, Spacecraft location and attitude are shown on
Figure 4 as xS/C and eS/C respectively, The difference xs/c'xP/M is

the position of the space.raft relative to the proof mass which {is labeled

: \
TR ' e D AW . [ R f s M ar BU s e A S 5 e AN v e (ks e WAL SV N AL e e & o £
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AX, This relative poaition AX will determine the size and diroction of the
coupling forces on the spacccraft and proof maws (this topie is discussed in
the subscction on proof mass charge interaction), AX will be measured by

a capacitance bridge or optical sensor and is shown on the figure as

ﬁi (measured values are indicated by a tilda ~, and estimated values are
indicated by a hat *), AX is combined with information about current

control system activity (i.e. number and direction of gas jets that are on)
and a model of the spacecraft's dynamics to generate estimates of AX, Ax,

and XX. Details about the method and procedure for generating these estimates
are given in the subsection on proof mass state estimation, The estimates of
AX and Ax are then used in the translation control equations to calculate

the translation error. A discussion of translation control equations appears
in a later subsection, Translation commands (or bias inputs) appear as part
of the translation control design for completeness., Next the summed transla-
tion error is evaluated by the firing logic to determine if control action
(i.e. firing gas jets) should be taken, The firing logic is also capable

of evaluating attitude errors simultaneously, so that a combined but degraded
attitude and translation control is possible with just a gas jet system.+
The firing logic would then enable the appropriate gas jets so as to reduce
the control errors,

The attitude control loop is a proportional control design which
works independently of the translation control system to maintain attitude
stability., The spacccraft attitude can be sensed by sun sensors and star
trackers during cruise and by gyros during close encounter., The measured
attitude 5 is used by a simple first order filter to estimate the attitude

rates, © and ® are then used in the attitude control equations to calculate

P e I R I R P R RV
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the attitude error, The attitude control equations are rate pluas ponltion

foodback combination of tho form

0, = = [(0g/q = 0,) + K0l (3.1)
whure Oc 18 the commanded attitude and Krp is a programmable rate-to-position
gain which provides damping to the system and can be selected for optimum
performance, The attitude error ee which results from this calculation is
then directed to a reaction wheel control subloop which in turn applies the
appropriate torques to minimize the attitude error. Although a selection of
gas jets or reaction wheels can be made, reaction wheels will be the primary
attitude control actuators. There will be infrequent intervals, however,
that will require gas jets to provide de-saturation of the reaction wheels,

This completes the description of the attitude and translation control loops.

+A1though the concept of using the canted hydrazine thrusters for both
attitude and translation is feasible, it will not satisfy the precision
pointing objectives stated earlier, Using only gas jets for contiol would
also heavily cross-couple attitude and trénslation loops and lead to much
more complex limit-cycle control laws for both controllers. Using thrusters
for translation control and reaction wheels for proportional attitude control
allows these two control functions to be minimally coupled only through any
center-of -mass offset from the proof mass cavity center.(a) Thus, the
behavior of each function can be made nearly independent of the other,
resulting in a less dynamic and more stable spacecraft having the capability

to meet all the scientific goals of the STARPROBE mission.
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€. 8pacecraft Simulation Program

A digital computer spacecraft aimulation program (Appendix C)
was created for the purpose of studying the control performance achievable
with the proposcd control system design, This type of computcer program
18 an important analysis tool because it can demonstrate system level
performance with respect to changes in any of the three principal elements
which influence control performance, (a) the environment to which the space-
craft will be exposed, (b) the spacecraft design, i.,e, configuration and
mass properties, and (¢) the individual components of the control system,
i.e, sensors, actuators, on-board computer hardware and software. The
modular structure of the program allows the user to make changes in the
aforementioned areas by simply substituting more information into the
appropriate block of data or calculations, An example of this is the specifi-
cation of the spacecraft inertia tensor which is the first block of user-
specified data in the program (refer to Appendix C)., The program version
which is listed uses a simple tensor with zero value inertia cross products.
If an updated inertia tensor should become available it can be incorporated
into the program by substituting the new values including non-zero inertia
products, The program has been designed to handle the full 6 degree-of=-
freedom dynamics problem but may be used for reduced order studies equally
as well, To aid the user, most variables and blocks of calculations or
data are well annotated in the program, The construction of the program
exactly matches the block diagram structure shown in Figure 4, Once this
block diagram is understood it is easy ty find the corresponding blocks and
information flow paths in the simulation program, After the desired models
(1.¢, sensor, actuator, mass properties, environment, etc,) have been

chosen and incorporated into the program the user may select the maneuver
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to be aimulated, These mancuvaers inelunde spncecraft turns on any axis,
acquinition of celeatial reforences, or maintennnee of ateady state pointing
and poaitloning., Mancuver selection glves the analyat soveral control moden
for atudying control performance, n addition, the user wmay specify proof
mass and apacecraft initial conditions (positions and rates), Overall the
program 1ls very floxible and is cawsily usced to study a wide range of control
problems, The program ig written in Continuous Systcm Simulation Language
in a manner so that someone with minimal computer experience will understand
{t. Some experiencc with the JPL UNIVAC computer system is necessary for
running the program,

After the program was developed it was first ugsed to study the
performance of the on-board proof mass state estimator which 1is discussed
in the next subsection., This was a natural choice for the first set of
simulation runs because estimator performance can be investigated with
a minimum of program complexity., It is desirable to eliminate all error
gources except the estimator from the control system in order to study
only estimator performance within the framework of the total system.

This was accomplished by using "{deal" models for all of the control
gystem's sensors and actuators except for the AX sensor. Simplified
models of the environment, spacecraft dynamics, and control laws were
al o employed to minimize the complexity and cost of conducting the
{nvestigation, The program listing which appears as Appendix C is a
copy of the program version that was used in the proof mass state
estimator performance study.

The simulation program is currently being used to study and
develop the translatlion control laws, For that study the proof mass

estimator equations and AX sensor model are replaced with fdealized

raeA Ry ® o W PRIV \ S © s Y i An s gn Wy
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veraiona so that the translation control performance is solely dcpandnnp
upon the control laws, The versatility of the program allows the analyst
to study not only major nyatem changes (e.g. control with and without a

Proof mass atate cstimator) but also parametric changes (e.g, controller

and cstimator gain variations),

D, Proof Mass State Estimation
The purpose of the proof mass state estimator is to provide
accurate estimates of the proof mass position and velocity with respect
to the 8/C frame, This information is required by the translation control
system and the various error compensation models that incorporate proof
mass position dependent forces (such as self-gravity and charge distur-
bances), As this estimation is to be done on board, computational
simplicity is an important consideration in the estimator's design,
Initially a Kalman filter based on the full dynamics was

designed, This 6-state estimator has the form

X . . " A - o
X = F(w,w,p,0,p)x + PHTR l(y-Hx) +u + asp (3.2a)
B = FP + PFT + Q - PHR™T wp (3.2b)

where y is the vector consisting of the three proof mass position measure-
ments, H is the 3 x 6 matrix selecting the observed states (position),
Q- lonl’mmz/sec3 diag (0 1 010 1) is the filter-assumed spectral
density of the process disturbance, and R = 2,5 x lo-smmzscc diag (11 1)
is the spectral density of the measurement disturbance,

The sensitivity of the estimator to the arguments of F was

cxercised by assuming either complete knowledge or no knowledge of these
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paramateras during a aimulated 5° yaw turn, In the firat pimulation complete
knowledge of tha parameters wae assumed, Furthermore the contar of maan

was taken to bo at the cavity center and atationary, In the accend aimu-
latlon the contor of mass was agailn taken to be sntatilomary, but displaced
10 cm along the z-axis., As thils cstimator had nelthor knowladgo of this
displaccement nor knowledge of the angular terms, w, and G, the argumontu

of F were set to zero in this simulation, In cach simulation a colored

noise process disturbance with variance 10-4mm2/aec4

and correlation time
of 10 sec was present, Also nolsy position measurements (Gaussian, zero-
mean, independent, lo = ,05 mm) were available every 10 milliseconds,

The results of the simulations are given in Table 3.1 below.

Table 3.1, Simulation Results for Proof Mass State Estimator

Average Absolute Error

Simulation Ty Ty rz rz
1 6.16x10 2m | 9.00x10 3mm/sec | 8.89x10™ mm | 9.32x10 Jum/sec
2 6.23x10%m | 9.31x10m/sec ;| 8.89x1072m | 9.31x10 2 m/sec

First note that without filtering the average absolute error in
the position measurement would be about .04 mm (X=N(0,2.5%10™mm?)+E[X [¥.04 mm).
Thus the filter improves the measurcment accuracy by ﬁore than a factor of
four. Next note that thcre is negligible gain in including the arguments
of F into the filter., This is easily explained, Executing the yaw turn
results in Iwylmax<2x10-3rad/secand I&y|max<1.25x10-4rud/sec2. Coupling
these values with the beunds |r|<S5mm, |r]<1.5mm/sec, and |p|<100mm reveals
that the acceleration due to the kinematic terms is less than .01 mm/sec2

in these simulations., This value is in the noise level, and thus has little

o T e ATRE et o = oo
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Impoaet on filtor performance, We may therefora delete terms in the filter
denlgn, This 1a fortunate In that the eatimator (3,2) 1a fully coupled and
time=varying, while the pupprennion of thone terma leada te a decouplod

cotimator that allown ntoady atate galnn (noe Appendix B for danipgn),

E, Translation Control Law Dovelopment

In Scetlon V of thiv report translation control concepts such as
single-sided limit cycling and integral arrors arc presonted. Theso
concepts were demonstrated using a simple single axis control case, It is
shown that these concepts would enable the syetem to meet the translation
control objectives which are to:

(1) Maintain stable spacecraft positioning control relative to

the proof mass, and be compatible with attitude control,

(2) Minimize the control gas usage and the nuwber of thruster
on/off cycles,

(3) Minimize spacecraft induced disturbances on the proof
mass trajectory,
Currently the concepts which werc demoustrated for the single axis case
are being studied to determine how they apply to the full 3-axis controller.
The 3-axis controller has many more constraints than the single axis
controller does, One of the most important concerns for the 3-axis controller
design will be the effects of having gas jete canted with respect to the space-
craft's principal axes. The heat shield configuration requires that the
gas jets be canted. The canted jets will not only require more fuel, (as
comparced to non-canted jets) but also can result in a further loss of

control forces duc to plume impingement onto other parts of the spacecraft,

=
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Canted gan jets will alno lond to ervonf~couplad contral forcan which will
drive the deadband Limit eyeling in a manner that ia not yot dofined, A
bettor definition of the npaeecraft confliguration and hoat. ahield deaipn
in neceosary hofore the probloma of canted pan jotn can ba fully analyzed,
Another concorn which arisco in the deoign of the J=axin controllor In how
much the attitude and teanslation control functionn arc decoupled, LE the
gas jets alone arc used for both attitude and translation control, then
realistically thesc functions cannot be decoupled., The reaction wheel
approach avoids having to contend with this severc control problem, und
enables compatibility with the previously stated control objeccives,

Proof mass charge is yet another major concern in the design of the
Jeaxiy translation control laws. Referring again to Figurc 4 it can be
seen that the coupling effects of charge will create positive feedback
loops around both the proof mass and the spacecraft., (This is obvious
because the static charge creates a larger attraction force the closer
the proof mass is to the cavity wall,) This destabilizing force is primarily
a function of the charge magnitude and the separation distance between the
proof mass and the cavity wall, (Refer to section IV for a more complete
discussion on proof mass charge effects,) The control system design
problem is then to determine how the separation distance should be
regulated so as to minimize the destabilizing charge effects and also
minimize the amount of control gas expended, If the proof mass were always
kept exactly in the center of the cavity then there would be no net charge
force and the destabilization problem would never occur, To do this

however, would obviously require a much higher control authority, which

-
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impliecs that a Areater amount of control enorgy must he apent, If minimum

fuel expenditure were the only goal then the atatie charge foreo would he

"
allowed to drive tho proof maan away from a porfeet anlar gravity trajectory,

Howaver, the control systom dondgn munt try to minimizo both fuel expondie
ture and proof mano dinturbancos, Tho integral control approach dipeunnod
in section V,B 1o ono method that offors Just such a benofit, Although
the integral control coneept has been investigated for a single axis model,
a 3-axis dovoelopment has not been done yet, Therc are several questions
that need to be studicd before a 3=axis controller can be completely designed:
One important question is how should tha control strategy for the x and y
axes differ from the z axis,since it doesn't seem likely that x and y
deadband limit cycling will be single-gided like the 2 axis, Heat shield
ag,;ymmetries, thermal warping, and non-nadir attitude will all give rise t.
% and y axis disturbance forces which cannot be predicted to the same level
of confidence as the nominal solar pressure force, Since tve signature of
these forces cannot be predicted, the translation control design must provide
performance that is as insensitive as possible to these disturbances,

No matter what control concept is selected for the 3-axis *vstem there
are still other comstraints that will influence the control design and perfor-

mance: Onc parameter that needs to be studied is the controller bandwidth,

This may be a very important parameter 1f fleslble structures are to be

attached to the maiu spacecratt body. Rotating scicnce platforms may also

influence the control design since they could create additional disturbances

due to mass and momentum unbalances, Any rotating parte may have a momentum

vector that will Interact with the controller thus making the bandwidth

param2ter even more important, One other study which must be done to

support the controller design is to determine a method for selecting control

. N el

e rda i un e e G il

e dzia .



'*qutw.n-n-rv " o o IR e isabities oo 1 aiiata MRS R U S e A

22

gaina, Bocause of the rapid change in Rolar prenssure during the clore
encounter it may be nccessary for tho control gains to vary also, Tt has
not yet been determined 1f time varying or state dopondent control gain

wils be required, If they are required a method for ascertaining the appro-
priate gains must be developed,

In summary, it is clear that the control system performance must
remai: relatively constant over a very wide range of disturbance environ-
ments. To meet this goal it is evident that several important technology
areas still need to be investigated before a 3-axis coutroller design can

be adequately specified,

*It has been proposed to identify the static charge by perturbing the proof
mass with a known force and observing its resulting motion. Any uncertainty
in the perturbation force will only add to the existing uncertainty about
the charge. This would make the problem of controlling the spacecraft

with respect to the proof mass even mcre difficult. 1Tn the case of a large
perturbation force,or static charge force,the proof mass motion can become
too fast for a low bandwidth controller to track (this has been demonstrated
using the spacecraft simulation program). This would result in a loss of
spacecraft stability relative to the proof mass. It is felt that one of
the coutrol objectives must be to minimize the disturbances on the proof
mass trajectory caused by charge, even if the magnitude of the charge is

unknown or unmeasurable,
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IV.  DESIGN OF THF PROOF MASS CHARGE ESTIMATOR

Although the proof mass in the drag-free syatem for Starprobe
is shielded from forces oxternal to the spacecraft, there are several
factors within the spacecraft enviromment that can significantly degrade
drag-frec performance, Among these 1s an attraction of the proof mass to
the cavity shell due to charging of tlL. -~roof mass, See Appendix E
and (7].

A possible solution to this problem is to obtain a reliable
estimate of the charge and then include it in the error compensation model,
However, this cannot be done a priori since predictability of the exact
charge is not possible. This constraint suggests a filtering approarh to
the problem. To this end a charge force model has been developed ([1],[2])
that describes the motion of the proof mass as a function of charge,
the position dependent capacitance of the ball-cavity system, and the plate
potentials., (For a complete discussion of the details the reader is
referred to Alwar [1],) Incorporating this dynamical description into the
disturbance model (32) the charge becomes '"observable" through the position
of the proof mass,

In this section an extended Kalman filter is developed for the
purpose of charge estimation. Also the effect of varying parameters on

filter performance is analyzed,

A, The Extended Kalman Filter

Before addressing the speclfics of the problem of charge estimation,
an overview of the general methodology shall be discussed,

For brevity we shall write the modeled proof mass equations of
motion as

r = f(r,q,t) + v, (4.1)
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where v is a G-dimensional vector repreacnting the position and veloelty of
the proof mass in the cavity, q in the charge, t ia time, and W is a
white noisc process represcating a random acceleration, The inclualon of

the noise term w, can improve filter performance in the presence of unmodeled

t
forces [3]. Since this is typically the case when making the transition from
a true physical system to a mathematical representation of the system,
including such a term is customary.

Now assume ¢ 1s constant or a slowly varying parameter., We then

model q as a Brownian motion and append it to the state x to obtain the

augmented state vector x = [2]. Thus (4.1) can be rewritten as
x = £(x,t) + w(t) (4.2)

where E = [g] and ;t = [§§] with z the white noise process driving q.

With the capacitive pick-off sensor (or an optical device) the
proof mass position is measured. This observation process can be described
as

yt = Hx + v (4.3)

where yy is the measured observation, H is a matrix selecting the observed
states (position), and Ve is a white noise process representing the accuracy
of the measurements, Given the spectral densities of the ;t and vy
processes, say Q a~d R respectively, equations (4.2) and (4.3) define a
filtering problem, i.e., determine the unbiased minimum variance estimate
;(t) of ;(t) given the observations {y(s): 8 < t},

fhe solution to this problem is in general intractable. But in
the case that (4,2) is lincar i.e. f(;,t) = F(L) ;(t), the solution is
given by the Kalman-Bucy filter:

[
-

x = Fx + vu'x”l

(y - HX) (4 .4a)

$ = Fp o+ P+ Q- putRMHp (4 .4b)

]
|
[
1
4
p
4
A



Tn the problem that concerns us £ 1s nonlinear. However, the

lIinear result abave can be applied to this problem by linearizing about

a known trajoctory, The extended Kalman filter is based upon linecarization
about the estimated trajectory, The continuous version of thesc equations j
ls g

= E(Q,c) + PHR™Y (y - H§) (4,5a)

R e

b= 5—-(& £) P+ P { (x )+ q - purR"1yp (4.5b)
X

An important feature of the extended Kalman filter is that the
gains, PHTR-I, must be computed in real time. This drawback occurs because
the covariance equation (4.5b) involves the filtered trajectory x, which

cannot be known a priori.

B, Model Simplification

For completeness the electrostatic force model along the z axis

is given below, [1,2].

o2
r =e (vl-v3){E(v2+v4+v5+v6)+ KV #V )+ qu A-BA Z v)}

i=1
rz
t 5 Sl ZFQV V) (VobV 4V V) + 2 G(V,+V,) (VgHV )
2,2 g
2TV Vg4 20V V4H5YE) + LV, “4V,2) ;
o2N q? 2 9 _ '
+ 22 R ( Z vi) + oy §-+ M(V, +v4 Y 2 (4.6) 1
i=l (c b) 1
(o) y
2Q p 2q_ PN j
+ E;g-ﬁ.(B(vl+v3)+n(v2+v4+v5+v6)) gy ( Z V) j
i
2 6 2,2 i
Zp p AT 2 J
- (BQV HV)+D(V 4V 4V 5t ( Zl V) - S (V-v) ) |
3
r 2,2 1
y . PAT A
+ 'l'_;"' Lo(vl-V3)(V2”V4) {l! - R } |
r 2 2 j
g e VTV (Ve-v) (H - ‘K““}
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where q = charge, V = potential on ith plate, and the other terms are known
conatants derived from the confipuration of the drag-free sensor, To

deduce the charge from proof mass motion this model must be inserted into
the disturbance model, The resulting cquations of motion simplify consid-
crably under the following assumptions:

(1) the center of mass of the $/C is fixed,

(2) the S/C angular rates are zero,

(3) the plate potentials on the z-axils are of equal magnitude
and opposite sign, and the remaining plates are grounded ,

The first two assumptions allow us to set the basic requirements
for charge estimation - voltages on plates, accuracy of measurements, level
of charge, ete, Once bounds on these parameters are established, then we
can proceed with the analysis of introducing $/C angular rates and a non-
stationary center of mass, The third assumption, although a matter of
convenience, is easily justified by noting that the force due to charge
along any given axis is independent of the other axes, Hence, the charge
1s not obscrved through the coupling terms, and consequently this assump-

tion has no impact on estimator performance.

C., Filter Design

With the assumptions above, (4.6) conveniently decouples and it
1s sufficlent to consider the dynamics along the z-axis

> 2,2 2
. 2V(t)g pA . S0 o0 4p“A qN .
s mbR + mb (V=) QL - R ) + ¢ 2b2R]rz *+ule) + asp fd (4.7)

V)

where
r = displacement (meters)
4 = charge (coulombs)

V(t) = potentlal (volts)

P
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e = pormittivity of frec apace (8,854 x 10~+2 farads/m)
m = mass of proof mass (,2 kg)
a =  radiua of proof mass (,011 m)

b = radius of cavity (.020 m)

[ =S
~
(22
~r
3]

modeled control law (see sec, III)

u = modeled acceleration due to solar pressure (lO'am/secz)
4 = sum of unmodeled/mismodeled accelerations,

and, corresponding to a/b = ,55 (see [1])

A = 3,317

=
L}

6.424
N = 1,466
p = 1,203
R = 15,36

Since the disturbance term fd in (4.7) is unknown, in the filter
design it is replaced by a white noise process W, (recall that this is
required for stability of the steady state filter). With the assumption
that q is constant over small time duratioms (500 seconds), the filter

will be designed from the dynamics

X) =X, (4.8)
2 2 2
. 2V(t)q pA 2 4p 9N
X, = R + [V (t) 2L - ) + 2b2R] 1 + u(t) + asp + W
q=0
and the observations
y = Xl + v (409)

where Xy T r,, X, = éz’ and Ve iy again a white noise process reflecting

measurement uncertainty,

et mede s
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Note that (4.8) 18 nonlinecar, Thus we shall make use of the
extended Kalman filter, Lot Q and v denote the apectral dewnsitics of the
[0 w 0]l and v processes respectively, Then making the appropriate sub=-

stitutions into (4.5a) and (4.5b), the cxtended Kalman filter for this

problem is
i :
~ (4 22 “ZN ~
2 2V(t)q pA , 0 ry2 oL - ARAT 4 Jx, +u(t) +a_ [+
x| = —miu‘*‘ii“’ S Sy °
9 - )

i - 4.9
= (y x (4.9a)
1 0
‘21 1 0 0| P (4.9b)
ﬁ- 0 0 +Q"?P 0 *
o 0
fq3 0 J
where
€, 2,2
£, = —-r[v (t) (2L - 49 Ay + % ]
21 - 2,2
SR
. 2V(E) pA 2N~
fa3 * Tmbx— * XA Xy

Before proceeding with a discussion of filter performance, some
general remarks on the structure of this filter are in order,
The nced for resorting to an extended Kalman filter for charge

estimation arises because of the nonlinearity iatroduced by qz

in (4.8).
If this term did not appear, then the filter constructed above would
reduce to the ordinary Kalman-Bucy filter, Furthermore, if we have the

following strong inequality

X4
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2 2,2
N 9 4pA 2V(t)g pA
|__%;§R1 << Vo(t) [2L ~ _PR I mhR ' (4.10)

(1.,e, when the significance of the nonlinearity diminishes), we would
expect the performance of the extended Kalman filter to he saimilar
to that of a Kalman-Bucy filter designed without knowledge of the q2
term,

Now suppose (4.,10) holds and consider the Kalman-Bucy filter just
described, By adding a noise term in the model dynamics for q (equation
(4.8)), it was determined that the resulting Kalman-Bucy filter is uniformly
completely controllable and observable., Moreover, since the model errors
are bounded (the deleted q2 term is included here now), it can further be
shown that the true covariance of the state estimate is uniformly
bounded [3].

The conclusion from this is that we are reasonably assured that the

extended Kalman filter will "work' in some fashion, i,e, the estimated

state will not diverge from the true state,

D. Simulations, and Analysis of Results

The parameters exercised in the simulations include charge,
observation noise, process noise (disturbances), and plate potential
amplitude and frequency. As only one proof mass-cavity configuration was
used, the capacitance coefficients and the proof mass radius and mass were
fixed in the simulations,

Balow we give the range of magnitudes these parameters were allowed
to take, and the rationale behind the choice,

0~11 coulombs

Two values of charge were selected to be estimated, 1
and 10"10 coulombs, The first value ig near the bound at which the charge

begins to degrade drag-free performance (i.e., producing accelerations
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groater than lOHgm/aocz), while the accond value ropremonts an a poatoriori
upper bound on tho charge for the filtor to be viable (we'll got to this
later),

In cach of the simulations it was assumed that nolsy proof mass
position information was available every 10 milliscconds. It was further
assumed that the sensor noise was zero-mean, Gaussian, and independent,
Standard deviation values of 5u and 50u were chosen to exercise this

parameter, These values are in the range of realistic displacement sensor

resolution,

The process noise reflecting the unmodeled/mismodeled disturbances
was always taken to be a stationary, exponentially correlated Gaussian
process, The time constant of the process was varied between 10 sec and
50 sec, and the variance of the process was varied between 100u2/sec4
and 2500 uzlseca. The reasoning here stems from the anticipation that a
major contributor to the disturbance fd will be a mismodeled (non-steady
component) solar pressure, Thus the variances reflect the assumption that
the disturbance magnitude is between 10% and 50% of the modeled solar
pressure, The choice of time constants expresses the belief that the
dynamics occurs at low frequencies associlated with attitude motions and
heat shield asymmetries or surface irregularities,

The proof mass was excited by a square wave potential in each
simulation, This choice 18 useful for charge estimation in that a "dither"
due to the charge effect 1s superimposed on the proof mass trajectory at
a known frequency. Presumably if this frequency is sufficiently isolated

from the effective frequencies of the unknown disturbances, then the

estimate of charge will not be seriously degraded by these disturbances.

-
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The frequencies selocted ranged from ,05 hz to .5 hz, and the potentials
ranged from 250 v to 1000 v, Theose values were driven to a groat cxtent

hy the other parameters,

»

Glven a particular sot of parameters, observations werc generated

via cquations (4,7) and (4.9), The filter deaigned for a set of parametera

ozsec
100

deviation of measurement noise) and Q= 100u2/sec3. The initial estimate

was obtained via equations (4.8) and (4.9), withr = (¢ = 1 standard
of the charge was always taken to be zero, Also the initial variance P33(0),
was selected so that 3 q2 = P33(0).

Before examining the specifics of the analysis, a criterion for
Judging estimator performance is necessary,

Recall that the drag free objective is to assure that unmodeled
accelerations on the proof mass do not exceed 10-9m/sec2. From equation
(4.7) it follows that the acceleration due to charge alone (i.e, when v = 0)
is

q?N

—— |r_| (4.11)
eozmbBR 2 )

Thus to guarantee that the absolute difference betwee- the estimated and

actual acceleration is less than 10-9m/sec2, it is necessary that

10‘9eomb3a 5

R -2
l‘l-ql < ~ 1.5 x 10

— A A (4.12)
x| latalN x| latq

with the inequality above in mind, we create three categories for ranking
filter performance, They are:

Category A -~ Estimator satisfies (4.12) with lrzl = 4,5 x 103 m over

the last 50 sec, of the run,

Category B - Estimator satisfies (4,12) with Irzl = 2,25 x 1073 m over

the last 50 sec, of the run,

PRI
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Category G -~ The complement of categorica A and B,

These rankinga baslcally plve a measure as to how narrow the
deadband in the translatlion control ayatem muat be net to attain the required
drag free performance,

An unfortunate ramlfication of (4,12) 18 that the greater the
chargae, the more precise the estimate ncedu to be, To put this into
perspective, assume an actual charge of 5 x 10“12 coulombs 18 to bu
estimated, In this casc an estimate of 0,0 is8 acceptable, On the other
hand if the value of the charge is 10"'9 coulombs, then it would be nccessary
for the cstimate to be within 10”1 coulombs.

The simulations that were performed are presented in Table 4.1,

We shall first investigate the results of the simulations
involving a charge of 10-ll coulombs, Substituting into (4,12) we find

that the estimate q must satisfy

12 . 1.5 x 1071 - category A

<q< (4.13)
12 1.29 x 107  category B

8.2 x 10°
5.8 x 10~

Note that only one simulation (#6) at the lower voltage made the
A category, This is not surprising since a higher voltage results in a
greater 'dither" of the proof mass, The role of the voltage and frequency
is most readily observed in the propagated varlances. These variances
reflect how well the filter "thinks" it is performing. It is apparent
from Table 4,1 that higher voltages and/or lower frequenciles result in
gmaller variances, Now since the acceleration due to the quadratic charge
term is independent of these parameters, we are led to conclude that the
bulk of the {identification is done through the linear charge term, This
too is not surprising, since with this scot of parameters (V=250 - 1000
qcllel coulombs) the q acceleration dominates the q2 acceleration by 2-3

orders of magnitude,

o G ihe bt f aes 1 Us . ey ur k Ak b deune e e b keh Aeapese  md b e ke Akl Chm e = Ve o e 20 otk o -

et e



Rund

10
11
12
13
14

15

Table 4.1,
Chorgo  Voltago
10" cous  1000v

1" "

" "

" "

" "

" 250v

" 1000v

" "

" 250v

" 1000v

" "

1] L]
103001 "

t 1]

" 250v

Froquoney

9 he

A he

,05he

1 he

2 he

2 he

S he

2 he
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Simulation Resulta for Charge Eatimation

Obsorvation Procoss Terminal

noino 1o noine(lg, corr,/time) Variance Ranl
Su 100, 10 see 1.70310"2qeou12 At
" W, 126107 %0n? c
" W, 1,20 %0u? ¢
" " 50 eee 1.24x10"23cou1? ¢
" "o, 25 sec 1,3x10"2%cou1?® A
" wo v 1,78x107%%c0ut?  A-
" sop, M 1.36x10"%%coum1? B
501 op, " 2.30x10"23c0m? B
Sy 105, 10 sec  2.23x10"%2cou1? B+
501 wo,ow 2,810 22 cout?  B-
S5u * 10 sec 1.36x10"%3c0u1? A
" 100y, .005 sec 1.76x10"23cou1? B
" 100, 25 sec 1.35x10723cou1? B
50u "o, " 2,32x10"23c0ut? ¢
5y no,w 2,007 %2c0u1? ¢

*
This is the filter propagated variance, not the actual varience,
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Next, note that none of the aimulationa with obaervation nolne
of 50p made tho A category. This ean be explained by the following
argumont,

Focuning now on the q=term, ainco thin in what tho filtor primarily
roopondn to, a quick computation yidldn ﬁ%ﬁ- |2VqPA| 7 n/eocd (for Ve1000),
Thorefore over a perlod of T vecondo in which V = constant, tho porturbation

AZ, duc to this acceleration is approximately

1 't ~I't

bz @ =g [ " 4+ e = 1] (mlcrons) (4.14)
2r
where —
e 2,2
r=|v| v-2 (L - égﬁéng T 14

R
Taking T = 2.5 sec, we get a "dither" amplitude of about 3.15 u,

Obviously a 50u resolution displacement sensor is going to run into a
sensitivity problem here since the motion is down at the 1/150 level, This

problem however, does not occur with a 5u sensor,

=

Referring to (4.14) we see that increasing V or T results in an
exponential increase in the dither, Although increasing the voltage would

significantly enhance the identification, the trade-off in the translation

control performance quickly becomes intolerable (see Sec, IIL). The alter-
native then is to decrease the dither frequency, Unfortunately this too has
its drawbacks - which brings us to the role of process noilse,

The parameters of the disturbance were uxercised in gimulations 2, 4 ¥
and 7. The results indicate a great sensitivity to the correlation time of
the process, and a lesser sensitivity to the varlance of the nolse process,

Looscly speaking, the failure of the filter in these simulations
can be attributed to the disturbance baving too much power at the dither
frequency, It iy casy to sce how the filtew breaks down in this case, The

acceleration due to charge is approximately 1u/scc2, while the disturbance
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is one arder of magnitude greater, Obviously, if the disturbance

hes aubstantial apectral content at the exeitation frequency convargonee
will be nlow, and not necennnrlly to tha correet value, The Tallowling
"worat cane' example 1lluntraten thils point,

Suppona the disturbanco, fd' and the plate potontials aro both
conotant, In thio case the effeet of the charpo 1o virtually indistiaguishable
from the diuturbance, Ao a regult the filter will attribuce the dioturbance
to the charge, Now when the charge is constant or slowly varying the £ilter
belicves it learns its value very well, Consequently, the relative error
in the estimate will be ]fdlllusccz.

Based en the simulation results (where fﬁ = 10u/aec2, lo value)
and the example above, it is clear that "dithering" substantially reduces
estimation errors duc tomismodeling.

S0 on the one hand we would like the dither to be fast to reduce
model errors, while on the other hand we require it to be slow enough to be
visible to the sensor,

There are a few other deductions that can be made from the illus-
tration above., To this cnd rewrite equation (4,7) as

. - 2 o
r, k1Vq + kyV r, + fd (4.15)

q=0
Note that the disturbance now incorporates the quadratic charge ter,
Suppose a Kalman-Bucy Filter is derived for this dynamical system (with
fd replaced by a white noilse disturbance model and the same observation
process in (4,9)). It is not difficult to show in this case that the variance
in the charge cstimate P33(t)+0 as t@o. We would therefore anticipate the
terminal variances to be near zero, This, however, was not the case, The

23 -22

terminal variances were in the 1.3 x 10°°7 to 2.4 x 10 coulomb range,
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lesa than two orders of magnitude wnder the initilal varlance, Although
it may be argued that the covariance in the oxtended Kalman filter is coupled
to the state estimate (while the Kalman-Bucy filter is not), and hence
susceptible to model errors, it was found that the principal drivers of the
variance were the parameters independent of the disturbance - voltage,
dither frequency, and observation noise, (And as to be expected, higher
voltage, slower dither, and better observations produced smaller variances,)
Furthermore, a white noise simulation (#12) produced errors consistent

with the propagated variance (lo error ® 4 x 10"12 coulombs), From this we
conclude that the filter believes it needs more time to converge, i,e,, it
is still sensitive to new observations after 500 seconds.

Convergence can be hastened by increasing V, decreasing R, or
decreasing Q. If we choose to have the filter conform to the model, the first
two possibilities are out of the question by virtue of previously discussed
constraints. This leaves us with the selection of the spectral density Q,
which is essentially a reflection of how much the model deviates from reality,
Thus not only is the filter sensitive to model errors, it is also sensitive
to its perception of these errors,

The obvious conclusion to be drawn here is that given the existing
constraints on plate potentials and sensor fesolution, a more thorough
understanding of the disturbance enviromment is needed, A cursory analysis
of the problem is given in Appendix A,

One other deduction can be made based on the analysis stemming from
the model (4,15) - the c¢xtended Kalman filter is superfluous at this magnitude
of charge, This fullows from the observation that the extended Kalman filter

requires a dither acceleration of lu/secz, while the acceleration due to the
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quadratic torm in charge ia

_,SZN "
zmbaR
o

r,l < 10”2u/sec2

Thus according to previous arguments, neglecting the quadratic term will
contribute less than 1% crror in the estimate, And discarding this term
is equivalent to replacing the extended Kalman filter with a Kalman-Bucy
filter,

All of the analysis above pertains to the case where q = 10-11 coulombs,
The situation changes significantly for increasing charge levels. This is
due to the tightening of the error requirement (4,12), Whereas an 18% error

11 coulombs, the requirement drops to ,18% at 10-10 coulombs,

is tolerable at 10~

No simulation achieved this level of performance, Simulation 13
stayed within an approximate ,3% band of the actual value, while simulations
14 and 15 were in a 1% - 2% range, Using a ranking system that is equivalent
to the rankings for the simulations run at 10-11 coulombs, we find that
simulation 13 is a marginal "B", and simulations 14 and 15 are unequivocal
Ncn '8 .

One noteworthy aspect of these simulations is that the terminal
variances were in the same range as the variances in the previous simulations.
Thus there was 3-4 orders of magnitude decrease from the initial variance,
This 18 not entirely surprising since we had earlier anticipated the stability
of the filter, which implics that the initial statistics are forgotten,

An extremely important element in all the simulations was the

assumption of perfect knowledge of the voltage, Errors in this knowledge

propagate two types of disturbance compensation errors, First, a bias in

the estimate of the voltage will yleld a proportional error in the charge

e AMEL e e _on



optimate. Aa we have aseen with ineronsing charpe values, this type of error

o can qulekly become disastrous. The aecond type of error, that prosents a

potentially greater problem, s the actual 8/C tvajeetory error introduced

by the V2 torm, Recalling that we have cagentinlly set a roquiroment of

V = 1000 volts to identify the charge, the acctleration due to this
= potential is
‘ €0 2 4p2a? -3 -, 2
n 0 y2 (o1 - A (4,5 x 1077) ¥ 8.6 x 10 'm/sec (4.16)
= mb R
= .

Thus to ensure an error of less than, 10-9m/sec2 we need

lv - v| = 2073 . (4.17)

Integral control can compensate for this error to some extent, But needless~

to-say, a closer look at this problem will be necessary.

V. INTEGRAL CONTROL

A. Rationale for Integral Control Disturbance Reduction
={», During close encounter, solar pressure will be the dominant non-
L gravitational force acting on the spacecraft, Furthermore, since the space-
craft is nadir pointed, the solar pressure will be in a constant direction
in spacecraft coordinates. As a result, the translation control system
-;1 will be operating in a nearly single-sided limit cycle along the z axis,
q{ A proportional control system (the continuous approximation of the
on-off control system) acting om the second order spacecraft dynamics in the
presence of a constant disturbance will produce a constant proof mass position
of fset, Consequently, the proof mass will spend a larger portion of its time
on the -z axis than it will on the +2 axis,

Any mechanism for producing a proof mass disturbance due to a

- constant proof mass offset will thus be cnabled through the critical
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perihelion passaga, Proof mass charge and sclf-gravity are two such

mechanisms,

There exist several methods for minimizing proof mass disturbances
duc to charge and self-gravity, Since some proof mass disturbances result
from the proof mass not being centered in the cavity, one approach is to j
reduce the proof mass travel range by "tightening" the drag-free control
system, In theory, this may be accomplished by expending a great deal more
control fuel,

A second approach is to permit larger excursions of the proof mass

PR o VU

while monitoring both the proof mass charge, and the vehicle mass distribution.
This allows for real time computation of the proof mass disturbances, effects
which can then be included in the drag-free trajectory estimation, However,
a difficulty arises in trying to monitor the proof mass charge.

The charge 'identification" procedure requires some type of proof
mass rorced vibration or dither; the larger the response of the proof mass
to the known dither, the greater the proof mass charge. In order to make

the proof mass response visible to the existing proof mass sensor system, a

sizable force must be applied to the proof mass, Although this force is
“"known," the relative precision to which it must be known increases as the "
magnitude of the identification force incre;ses. The accuracy to which the
adverse effects of the charge identification procedure can be removed will
depend upon the applied force knowledge,
Integral control is the trad!tional appoach to minimizing the

effects of constant disturbances, As applied to drag-free control, a very
low bandwidth integral control term can be added to the present drag-free

control scheme, Because the integral effect is low bandwidth, there will be

very little interaction with the basic drag-free control dynamics, The
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integral term will kecp the proof mass at the center of the cavity on the
average, rather than slightly biased, aas a proportional aystem would do,
Very little additional control fuel should be required for this acheme, and,
additionally, the proof mass is not disturbed. There 18 also some degree of
adaptablility to an unknown magnitude of solar pressurc force, The modifica-
tion of the single-sided drag-free control law using integral control will

be the topic of the next section,

It should be noted that in theory two levels of integral control are

required to eliminate the proof mass disturbance due to charge., The proof
mass disturbance force is, to first order, proportional to the proof mass
position, Therefore double integral control of the proof mass position is
the control that will produce zero proof mass trajectory error, Double

integral control is a topic for future study,

B, Integral Control Model

Near the sun, the external disturbance environment is accurately
described by a constant force due to solar pressure, in addition to a
small random component, As a result, a single-sided limit cycle is appro-
priate for control purposes., In this limit cycle, the thrusters are
essentially firing occasionally to negate the effects of the opposing solar
pressure drag, A phase plane plot of the single-sided limit cycle is shown
in Figure 5.1,

In other words, after the proof mass motion relative to the
spacecraft has accumulated a net positive velocity, and is in the positive
x direction (A), the thruster fires, The thruster eventually reverses the

proof mass velocity (B), and the proof mass Luegins to drift in the negative

gy o
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S = x+ T X

Figure 5. Phase Plane Plot of Single-Sided Limit Cycle,

x-direction, The relative speed of the proof mass is gradually reduced by

the solar pressure until it reaches its maximum negative excursion (C), and

then, the solar pressure further accelerates the proof mass back to A,
Maximum use of the proof mass housing size can be realized by making

the maximum positive excursion, x+, and the muximum negative excursion, x ,

equal in magnitude, and as large as possible without allowing the proof

mass to touch the housing. As might be expected, however, the maximum

negative excursion (C) is highly dependent upon the magnitude of the

solar pressure at a particular point in orbit, and is not likely to be well

known a priori, Even if this problem could be circumvented, there is yet

an additional problem, For the case where x+ and x~ are equal in magnitude,
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the proof mass average position in the limit cycle is not at the center of
the cavity (Just as a bouncing ball's average position 18 not at 1/2 its
maximum height),

The modified control law includes an integral control term, The
purpose of this term is to keep track of the integrated position error, and
to adjust the thruster-off switch line to asymptotically reduce the integral
of the proof mass position offset to some small bounded value, This scheme
is adaptable to a wide range of disturbance environments, alters the single -
sided limit cycle only slightly, uses roughly the same fuel, is easy to
implement, and maintains the integral of the proof mass offset to a
small level,

The integral controller 1s composed of two parts; first, a part
that keeps track of the integral error, and second, logic that incorporates
the integral error information in commanding the thrusters. The first compon-
ent is easily constructed. Since a position measurement is already available
from the proof mass sensor, a simple integrator (amplifier, capacitor,
resistor) is all that is required to keep track of the integrated position
offset, A discussion of what to do with this position integral information

follows,

The integral control to be added can be low bandwidth, since reducing
the effects of charge and self -gravity requires the proof mass integral
position error to be small "on the average.'" As such, the basic structure
of the single-sided limit cycle will be retained, with corrections to account
for the integral error term being made only every few cycles, By keeping
the thruster-on switch line as in Figure 5,1, it is fairly certain that the
proof mass will never touch the positive wall, The technique behind the

integral control action is to monltor the value of the integral error once
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per cyele, and to adjust the thruster-off aswitch line slightly so as to

aventually bring the integral error to the desired value,

Certainly, the desired integral error term can be chosen, and the

current value of the integral error can be updated, The only additional

piece of information neceded to eventually achieve the desired integral error

value is the average integral error accumulated per cycle as a function of

switch-off line value, This calculation is given below.

Sl is
S0 is
T is
Ac is
Ad is
x+(x~) is

Define the following parameters.,

the value of the switch on line

the value of the switch off line

the slope of the switch line

the magnitude of the control acceleration

the magnitude of the disturbance acceleration, and

the maximum positive (negative) proof mass position

Since the position of the proof mass as a function of time is

parabolic, the average position is given by 2/3 of the maximum value of

the parabola. These values for the thruster-on and the thruster-off must

then be weighted in proportion to the duration of the thruster-on and

thruster-off times, respectively. It is easily shown that

+ (SI-SO)Z
X =1/2 (S, +8 )+ 1/6 —ru—
avg 1 o (A -A )12
¢ ° (5.1)
. 2
- (bl-so)
xavg = 1/2 (Sl + SO) - 1/6 —
Ad T
and, the thruster on and thruster-off times are given by
T = “A*S*l;‘()?“ v Toe © 1% (5.2)
on ~AQ)T o Adt
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The averaged integral error accumulated per cyele, T, in

then simply

+ -
1 = * :on:x Toff (5.3)
on ¥ Togs
Aftcr some algebra, the following result is obtained
8,48 (8,-8 )2
I = 12°+I/5__1__<’_ N | (5.4)
1t Rhy Ay

Solving for So in terms of the desired value of the integral error,

Iy and the current value of the integral error, I,

/o2 2
¢ . -B + B =4 4 C « (Slc + Sl + Z(Id"'l)) (5.5)
o 2C
where - 1 1 1
c 7 Ac'Ad -3 , and B = 1=2 CS1

31 c

Equation (5,5) shows that if a des.red value of the integral error is given,
and if the current value of the integral error is known, then the switch-off
1line Socan be computed,

The "bandwidth" of the integral control can be easily adjusted
by correcting only a fractional change of I at each cycle (say 1/10)

instead of the full value,

C. Simulation and Discussion of Results
A computer program was developed for gimulating one dimensional

proof mass motion in the housing using the single-sided .imit cycle with
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integral control, The valuecs of the paramators chosen for one particular
run were

S = 3.1 mm

S0 = 1,9 mm

T = 0,20 sec

A = 3.3 mm/aec2

1 mm/aec2 8 10"43 (at least three times higher than the expected solar

radiation effect)
Id = <30 mm-sec

The proof mass diameter was assumed to be 22 mm and the housing
diameter was assumed to be 40 mm, Also, a random acceleration component
of 0,05 mm/sec2 with a correlation time of 0.1 sec was assumed to be

present, The results of the simulation for 260 cycles (about 1895 sec)
yielded

x = 6,479 m

x~ = -6,605 mm

I = 48,213 mm sec
max

1 = «43,709 mm sec
min

*
fuel usage = 2740 mm/sec (equivalent velocity increment)

These results indicate that the integral controller performed
quite well, The maximum positive and negative excursions of the proof mass
were roughly symmetric with respect to the cavity center, used a substantial
portion of the cavity space, and were still bounded well away from the
cavity walls,

The integral error remained bounded (rather than growing indefinitely
without the integral control term) within a very small range, Note that a

44 mm-sec position integral error over the 1900 sec simulation time
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correaspondas to an average proof mass poaltion of 44 mm-scc/1900 sec or 0,023 mm
from the cavity center! This 1a the bencfit of the integral control term,

The total velocity increment applied to the spacceraft by the conftant  Aolar
pressure term was 1895 mm/sec., It should be noted that no additional control
fuel was required to compensate for the random component of the solar prcesure
model, while at the same time, performing the drag free control function with

integral control,

*
For a 1,000 kg spacecraft, the mass of hydrazine propellent required in the

1/2  hour period is approximately 1,5 kg using an Ad value of 10-43.

VI, KEY CONCLUSIONS AND FUTURE STUDIES

The preceding sections have provided discussions of the major areas
investigated in the on-board estimation and control synthesis of a drag-
free system for the Starprobe Mission and Spacecraft, These studies, along
with the supporting appendices and references, have taken a major step towards
the system definition and understanding of functional requirements,

Analysis techniques and simulation programs have been developed to
explore important issues identified in earlier feasibility studies [4,5,6].
The basic attitude and translation control system topology has been expanded
to a full six degree-of-freedom simulation framework with dynamical and °
environmental cross-coupling linkages. Translation state estimation and
proof mass charge estimation have been analytically developed, and parameter
congtraints have been identified and quantified, An integral-error control
technique has been applied to the problem of identifying and measuring
proof mass disturbances, This should provide a particularly important

complement to the charge estimation approach, in that integral error control

i
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can raduce the offects of charging on the proof maas trajectory rasulting
from translation limit-cyele non-aymmetry during solar cncountor,

The sonaltivity of tho proof mass tramnlatlon atate estimator to
angular ratcs and accelerations of tho spacccraft was detormined for a
simulated 5 degrece yaw turn (or'imaging slew), Simulating the 0.1 dogroas/scc
slew revealed that the acceleration duc to the kinematics with a center-of -mass
offset of 10 em from the cavity center is less than 0,01 mm/eecz. This
magnitude was shown to have little impact on the filter performance; therefore,
the reaction wheel controlled angular rate and acceleration terms may be
deleted in the filter design., The major benefit of this 1s to allow a
decoupled estimator with steady state gains to be realized - a most important

asset for on-board implementation,

In the charge estimator synthesis a set of rather specific constraints

have been found within which the estimator performs at an acceptable level of
accuracy and convergence, These parameter constraints are:

(1) A proof mass charge magnitude in the range of 10-11 coulombs,

or less,

(2) Capacitive plate potentials of 1 Kv,

(3) An identification dither frequency sufficiently removed from
disturbance frequencies, yet low cnough to ensurc visibility to the proof
mass displacement sensor, i.e., 5 Hz or less for sensor visibility.

(4) A proof mass displacement senao} resolution of 5 microns
(0,005 mm) ,

The analysis has cstablished filter sensitivity to unmodeled/
mismodeled disturbances, We would expect that as a better disturbance

model develops some of the above constraints might be relaxed. 1In particular,

<~
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1f an improved model allown for a deerennn in dither frequency then a lower
voltage or a nolaicr nenfoxr way be tolerated,

within theooe conntralntn the 11kalihood hao emorped that a Kalman-
Bucy flltor would be an offactive an tho oxtended Kalman filter for charge

catimation, Tho eloar advantage of the Kalman=Buey form 1o the olmplicilty

of precomputed galne, thus making 1t amonable to on=board implementation,

While the accomplishments of the work to date are vignificant there
remains a considerable task ahead in the areas of requircments definition
and system analysis, A bricf discussion of these future study needs and a
realistic perspective on the eritical issues is given in what follows: 1

Although the integral control concept has been investigated with a
single axis model and found to be quite promising, a three-axis development
is needed., There are several issues that need to be studied before a

complete controller can be properly specified and designed, An important

-

question to address is how should the control technique for the transverse
(X and Y axec) differ from the longltudinal (2) axis since it is unlikely
that transverse limit cycles will be single sided like the Z axis. Heat
shield asymmetries, thermal warping, and non-nadir pointing/perturbations "
will give rise to transverse axis disturbances very difficult to predict, -
§ince the signatures of these forces cannot be adequately known (magnitude
and spcctral characteristics), the translation controller must be insensitive
to such disturbances,

Another critical area is the compatibility of the charge identifi-~
cation method with the realistic constraints of the translation controller
and device/model errors, The charge {dentification scheme invokes the arti-
ficial acceleration of the proof mass in order to identify the charge

disturbarce. A major concern is that the identification accelerations arc

7 to 5 orders of magnitude greater than the one we wish to measure,
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Obvioualy, wo cannot proceed to implement the identification filter without
A comprahenaive analyain of 1t impacts on the general drag-free dogign and
1ta haale viabllity, Thia offort must include aenaltivity to charge madal
errorn, plato potential errora, tho impact of intagral contrc) in roducing
thaso arrers, trannlation contro) otability constraints on idontification
froquencios and accclorations, and tho fonolbility of activae chargoe romoval
during clouc cncountor, i,0,, intormittent proof mass grounding,

A methodology must be developud for the translation controller
parameter (s) definition and selection, Techniques for bandwidth and gain
setting with adaptability Lo a wide range of time-varying conditions during
encounter must be found which provide autonomous control stability and optimum
performance of the integral-error loops., This control technology must not
rely on the assumption of well known error and disturbance models; it must
instead employ predict/observe/correct logic to obtain in-situ high precision
while protecting against out-of-limit conditions,

In the future as the Starprobe simulation programs continue to be
used for both systems level and component level evaluation better models
of the near solar environment, the spacecraft configuration, and the multi-
experiment dynamic scenarios will be needed, More specific descriptions of
these areas are necessary in order for control system requirements to be
completely defined, With these gpecifications, the programs can be used to
evaluate the proposed hardware and software adequacy, In this way these
computer tools serve in every phase of the control system analysis, design,
and verification, Expansion of the simulation programs to encompass all
the interactive elements of the spacccraft will also be a parallel task as

the aforementioned definition evolves,

et
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APPENDIX A
DISTURBANCE EFFECTS

A partial list of forces contributing to model errors includes

s lar pressure, control forces, kinematic effects due to the accelerated

8/C fixed frame, moving masses, and self-gravity, Below we give a brief
analysis of each of these forces and theilr relative impact on the charge

-3 identification problem,

The solar pressure is a slowly varying parameter, and its variation
'é over 500 seconds is negligible, If a perfectly symmetrical S/C remained

: exactly nadir pointed,a very precise estimate of the acceleration resulting
from the solar pressure might be attained, (This would be somewhat analogous

5

to estimating the charge with 10° V,) What is not certain is the variation ?

in this acceleration as a function of S/C attitude and non-symmetries., This

-

is design dependent and merits further analysis,

Errors introduced by thruster mismodeling are, at worst, transient
since these errors only occur while the thrusters are on, This source of
error can be circumvented by not updating the charge estimate at these 5
times, \

Kinematic and moving mass effects are also design dependent, and

it remains to determine whether these terms need to be incorporated into

the charge estimator. We can however state with certainty that they
SO present no problem, The reason for this follows.

The total disturbance created by these effects is

; + 2w x (5—5) + éx(p-r) + wx(uwx(p-r)) (A-1)

Based on the torque and momentum storage available from the reaction
3

wheels, upper bounds of 3 x 107~ rad/sec and 3 x 10-5 rad/sec? can be
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placed on w and w reapeetively, We remark that these magnitudes can only

be attained while the 8/C is exccuting an imaging alew and in general would

be an order of magnitudc less, Now 5 appears as a result of a reaction

force from translating or rotating a mass (antenna, platform, ete,) Such
forces would not exceed a few thousandths of a newton; and from the drag-
free control law we obtain a bound of 1,5 mm/sec on |§|. Putting these
considerations together and allowing for a 10 cm offset in the center of mass,

2 range, In such an event incorporation

as a worst case (A-1) is in the 10u/sec
of these terms would become necessary. This is the magnitude of the unmodeled
disturbance used in the charge estimation simulations,

For estimation purposes the pertinent question 1s how good is our

knowledge of these disturbances? In Appendix B it is shown that even in

the worst case these accelerations can be modeled to within .Su/secz.

2

Self-gravity accelerations are in the 1O~2u/sec range and there-

fore have negligible impact on the charge estimation problem,

Strong Electrostatic Charging

We have already noted the impact of increasing charge levels on the
‘jdentification problem. A recent study [7] has shown a remote but finite

10 coulombs in the

possibility that the charge on the proof mass may exceed 10”7
solar encounter. It behooves us to indicate the severity of the problems
associated with much greater magnitudes and suggest possible solutions,
These extreme levels apply to the case of an "extraordinary" solar flare
1ncid;nt, and the Jovlan environment in general,

To illustrate the control problem due to very strong charge we

take the value q = 10"7 cculomb; then from (4.11) the acceleration due to

x4
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this charge is calculated to be

2

2
q“N
|rz| 5 68 x |rz|/aec .

€ mbaR
0

Therefore i1f the proof mass is displaced 1,0 mm from the cavity center, the
acceleration above is 680 times that of maximum solar pressure during sun
encounter, Consequently there would not be sufficient translation control
authority to return the proof mass to the cavity center, However, there are
gsome parameters that can be adjusted to diminish the charge effect, For
example, increasing the mass (m) of the proof mass will linearly decrease

the charge acceleration, and an increase in the cavity radius b (with a
proportional increase in the proof mass radius) will result in a Egkig_decrease
of the acceleration. Thus modifying the proof mass-cavity configuration

is a possible method for restoring the robustness of the controller.*

Another approach would be to narrow the deadband, But this offers only linear
improvement and results in a higher bandwidth controller,

For the sake of argument, let us assume that the control problem

has been overcome by some combination of the remedies offered above. We
still must confront the charge problem, Suppose both the cavity radius and

the proof sphere's mass were increased an order of magnitude, This would

yield a decrease in the charge acceleration of 4 orders of magnitude, Even
with this new geometry, a submicron displacement of the proof mass would

9 m/secz.

result in an acceleration greater than the drag-free objective of 10~
It is evident then that any controller approach to reduce charge effects is
inadequate, and a charge i{dentification is still necessary.

Staying with this new configuration, the error critericn (4,12) becomes

*
10 Rave net econeddered how geometry modifications impact sensor resolution,
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A proof mans displacement of 1,0 mm would then require bettar than 1 part

in 104 accuracy in the charge estimate to guarantec a 10'9m/so.c2

error in
the estimated acceleration, Thié is certainly far better than the 1 part
in 108 required by the old geometry, but it is still unacceptably secvere,
In any case geometry "fiddling" is at least suggestive of directions to

_ pursue in this problem.

Although the strong charge problem is indeed formidable, it would be
premature to conclude that its associated difficulties are insurmountable., We
are merely pointing out that while the software methods (estimation, integral
control) developed in this report are effective in compensating/reducing
disturbances 1 or 2 orders of magnitude, a more design integrated strategy is
necessary for this extreme problem, This would include investigation of variou:
gsensor geometries, greater ghielding of the cavity, discharging of the proof
mass, ultra-high resolution displacement gensing, etc,, to bring the charge
into the range where integral control and the error compensation model

approach are viable,
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APPENDIX B

PROOF MASS STATE ESTIMATOR DESIGN

Without further analysis into the charge identification scheme's
impact on the drag free mission, we feel that it is appropriate at this
time to consider the charge as an intermittently estimated state., With
this in mind we construct two estimators.

The sole purpose of the first estimator is to provide knowledge
of the proof mass position and velocity, As was demonstrated in the
simulations of Section III, there is negligible gain in including angular
rate and acceleration information in this filter design. Therefore we
may ignore these terms and decouple the estimator (3,2)., The resulting

steady state filter for the z-axis is

r, 0o 1 I'rz 0 ky .
_é‘_, ® - ~ + + (y-rz) (B 01)
t . M
L, o 0 [fz ut) + a5, k,
with kl = 2, k2 = 2, The filters for the other axes are obtained by sub-

stitution of the appropriate subscripts in (B.1).
In contrast with the filter above, the analysis in Appendix A
suggests the need for retaining the angular rate, angular acceleration,

and center of mass position/motion information in the charge estimator

design. It is conceivable to incorporate these terms into the state of the

charge estimator, but a rcasonable consideration for on-board implementation
of the filter is to avold introducing additional states when possible,

Thus we shall consider them as previously estimated inputs to the estimator,

The filter equations (4.9) then become
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H . p ,
11 ‘

2,2 ~2

2 o €
2V(t)q PA . o (2 _bpla N _,:
x, = DEEER L 2 (vie) @ - B+ Syl xy +u(e) +
- (¢}
“ ~oe @ ~oe 8 ¢ & 0
agp TPyt 2 {wx(py-ry) - wy(px-rx)} + wx(py-ry) (B.3)
e - ~ A L) ~ ~ -~ L A
- “’y("x‘"’x) +u, {w,(pe-r,) - we(p,~r,)} =
RPN IR R R R
Yy P2tz z py y r v 1
:« P
A 31 ~
q=—= (y=-x)
and P = (Pij) satisfies (4.9b).

In the interest of maintaining the decoupled nature of the filter,

A ¢
in the equations above we take r and r to be estimates supplied by the first

filter. The alternative to this would be to incorporate these terms into
a filter based on the original dynamics (4.1). But then a.7 x 7 covarilance
equation would result instead of the 3 x 3 as in (4,9b), Therefore this
slight alteration eliminates the need for solving 22 coupled differential
equations!

We remark that these filter equations represent a worst case in
that it may not be necessary to include all the dynamic and kinematic
terms. For example, taking an objective of modeling these disturbances
to within .lu/secz, the second order angular rate terms would not have to
be modeled if the center of mass remained within 1 cm of the cavity center.
In any event, we proceed to develop estimates of these terms below,

We first consider estimating Wy and &x (the extension to the

denote the S/C's

other axes will be obvious)., Let I , and T,

xx? Iyy 2*

moments of inertia, and let Ty denote the component of the torque vector

along the x-axis, Assuming l(Iyy - Izz)lwywzl«‘l‘x and small products of

inertia, the situation is characterized by the dynamics

<o

S g YR

>

. T ST

W
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We ® Txx/Ixx (B'é)
and the observations
Yo =80, *e (B.5)

t 0t Yy
where yti is the gyro output - an incremental position vector,
Aeti s wx(ti)At’ At = (ti-ti_l), and eti is an error,
For |&| < 5 x 1070 rad/sec? and o] < 1 cm, the contribution of

the term [éx(pur)]zto the total disturbance is less than .OSu/secz.
Assuming the attitude control authority is an order of magnitude greater
than the disturbance torques, the assumption on ITxl is valid when &x

warrants consideration in the filter design, Thus by defining éx = Tx/Ixx’
A

where Tx is the feed forward control torque and Ixx

is an estimate of Ixx

obtained by say calibration, the estimate error here is

< |1 /1, - T,/1, |

. ¢
iy - x’ “xx

x = Ol

~

T /1

X xxlxx 'Ixx = Tex

IA

1 N
| + 5= I7, - T,
Ixx x x
Then 10% errors in the estimates of Tx and Ixx would then yield about a 20%
error in the estimate of éx' Using 'élmax < 3x 10-5 rad/secz, we obtain
0 ¢ -
wa - wxl <6x 100 rad/sec?,

The easiest approach for obtaining Wy is to form the quotient

Ye /At, The error incurred here is
i

lug(e) = u (€] < |, /o] + |ae, /8t - w (t)]
i i
§.|sti/At| + max wa(t) - wx(ti)]
ts[ti_l,ti]

< le, [/8t + at |u'»x(t)|
i max

-
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Taking At = .01 see, léxlmnx < 3 x 107 rad/nec®, and el < 1077 rad
(%,02 63&). the orror above is then boundaed by 10"5 rad/scc,

Now we turn to the question of estimating the conter of mass and
its derivatives in the presence of moving masses, The focus here is on
moving platforms and appendages rather than the "slow" effects of fuel
depletion and thermal distortion,

To obtain these estimates we decompose the S/C into two components.
M

p (@) "2

n ‘
{h(a)

Cavity Center

Here M2 represents a m:ving mass (m2 = its mass), M1 represents the remainder
of the S/C (m1 = its mass), h(a) the center of mass of M2 (o is a measured
parameter from which h(a) is known), n the center of mass of Ml’ and p (o)
the center of mass of the S/C, Then clearly
M1 M2
pla) & g B+ e h(a) (B.6)

m +my 1M

From (B.6) we obtain the derivatives with respect to the 8/C frame;

i 2
ml + m,

6 = "*‘“;“'(«:)&, o= [h'(@)a+h"(@)a?] .

Since h(a) is known from the geometry and measurement of a, it remains to
determine 1 and &. But these are readily obtained from the force acting

on MZ‘ Let Fa denote this force, Then,
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dz
7 (@) - h@) = B/, (8.7)
t .
Now rccalling (B,6)
2 m, + m
d 1 2
= (h(a) - n) = F (B.8)
dtz m1 m, o
And in S/C coordinates (B.8) becomes
. 2 . . m +my
ah'(a)+a“h" (a)+2awxh ' (a)+wx (h(a) -n)+wx (wx (h(a)-n)) = - Fu (B.,9)
172

This equation is not as bad.as it looks. For example, if 1(a)
represents a translation, say h(a) = az, 2z = unit vector, a = displacement,
then h'"(a) = 0. Furthermore, under our present assumptions on |w| |u|

etc,, (B.9) effectively reduces to

w mtm
an...l.‘_.__.z_. lFl
ml m, o

And from this it follows that

As precise knowledge of both the actuator force Fa and the mass
of the moving appendage or platform is expected, the error in the estimates
of 5 and 5 will be driven by the error in the S/C mass estimate,

In any case, with the estimation schemes outlined above, the total
model error contribution of the kinematic and moving mass effects can

probably be kept below .Su/secz.

-
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APPENDIX C

STAR PROVE GPACECRAFT SEMULATILION Ve
THREE AXES STABLLIZED RIGID RODY GONTROIL co
1,964 CONICAL BHAPE CONFIGURATION -
FUlb SCTENCE OPTION WITH 30 DEG HEAT GHIELD C
RETRAGTED HIGH GATN ANTENNA "
CONDLITIONS AT PERIHELTLON

CREATED 04 MAY 4984 BY R.W, KEY

METRIC UNITS THROUGHOUT (N-M-$)

MABE PROPERTIES FROM D, NOON (JUN 81)

DRAC FREE ESTIMATOR DESIGN BY M. MILMAN (MAY 81) Cos
DRAC FREE CONTROLLER DESIGN BY D, SCHAECHTER <OCT 80) Co
HYDRAZINE GAS JET CONTROLLER DESIGN XY P, MAC C(JULY 80)

T,K, MANNER , 5, JP 4, JPB , JP9

GOCMLVID y GICLVC4,3) , GIFVCLE,3) , SBCINRTCH) ) oo
F&EGC3) , THECH) , GMTCPVCE) , PMCOLVEE)D b
CMTEIV(4,3)  , CPLVCE) » JETONCLG) , FGIGC4,3) y oo
FGYC3) , TGIC(4,3)

R K 3K H0OK 3K 3K o SO 2K K R SR SK 33K AR KK K KK HOHOK o KRR X KRR OR KA XK
KRRIOOORKRK KR RRKKKKK 670 MABS PROPERTIES RRKK RokHOKK KKK KRR KR HOK KK
SRR SR 2K K 33K R R R K 3K K 6o ok s 3K K K oK R 3K R o ok ok ok 3k SR oK o sl ok ok o ek

GEINRT /4750, 0,4700.0,4700.0,0.0,0.0,0.0/

KRRKKKKK G/7C M LOCATION VECTOR IN CAVITY COORDINATES KkkkiKkK
GOEMLY /40, 00,+0.00,+0.00/

S 3K AROR KK K AR KK AR HK R AR K A3 K K KRR Rk SRR HOR K Sk KoK o K
KKKKKK LOCATION OF GAS JET CLUSTERS IN CAVITY COURDINATES KOK¥X
SORK KRR KK A K S KK 33K HOR KR KKK KK 3R K OK SKHOK K AR MR K K ok sk kR oK
CGIELYCL, 3, mi ,3) /42,0, 0.0,+0.0/

COTOLVCR,TY , dmi,8) /7 0.0,+2.0,+0.0/

CGICLYCE, ), d=1,3) /7~2.0, 0.0,+0.0/

(GICLYCA, T, Tud,3) 7 0.0,-2.0,+0.0/

KRKOOKKRRK VERTORS FROM 8§70 CM TO GAS JET CLUSTERS RRKKIKKKKKKK
DO L4 K=t,4

DO Li Jumt,3

OCMTEIV K, D =GIOLV K, T ~HCEMLY )

CONT I NUE

SRRSO KK SR K 3K SR K 3K K oK KR SOR S OR o KKK oK oK K K SOR MK OR K o ok 0K oK
NXQINT=0 .

PIE=3. 14459265 ’ G=9 8066
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K RO KK 2K o O A SO RO o K 3 o 3 O o K 0 o o R oK oK oK A K oK 2K K

$ DEFLINE THE S/ FIXED AXES A4S FOLLOWSS: :
: e s it e o A0 45 L 1 4o PR 0 0 o 3 . R :
X X w HGA DEPLOYMENT DIRECTION x
x Y m DEXTRAL COMPLEMENT m
ﬁ Z ow MEAT SHIELD AXIS OF SYMMETRY m
ﬁ ORLIGIN 16 CENTER OF PROOF MASE CAVITY i
m**********************************m********************i

IR AR IR R KR K K33 OO O K K KO 0K B ROK SRR R R OK o K KoK Rk ok oK

X X
X SELECT THE MANEUVER RY 178 NUMBER %
* Goue A6 ) A5EE SNID AREL H60) 640 Sa0h HAD SA0D FAS BOO F0n EBED S4B LAOR HANS HHED HHUD AUAL HHA0 L 400 D0RE BEAD B0 HHED HEN TV 4000 H000 BB0H *
X X
% 4~ TURN ENTIRE SPACECRAFT AROUT X AXIH X
X X
X A e TURN ENTIRE SPACECRAFT AROUT Y AXISH X
X X
X X - TURN ENTIRE SPACECRAFT AROUT Z AXIH X
% X
X 4 -~ ACQAUISITION OF INERTIAL REFERENCES X
X %
X G -~ S0LAR FLYBY (PERIHELTON) X
X X
SRR AR OK R R R K SR K K KK KKK KKK AR R K R K O R K KK KK R K 3K o 0K ok e K
X X
X X
MANEWY = % 0
X X
X X
K TR KA K K K K SRR KRR K KKK MR R K KK 3 KKK K ROKOK KK e K ok e

FOKOK IR AKOR 3K R K KoK K K MK MK KK SRR K 0K K 0RO oo K o KB SRR o K RO K Ik oK ok K
DRAG FREE TRAJECTORY INFORMATION

oo +o0d bmd 480 4300 Sres 160D boad damb HAEH BAeh BELE D Gae BHED (DR 44D B4 B0R0 ders B BOR 000 4308 0001 G0uh deod B10 440 0 Haah K03

X X
X X
X X
X X
X X
X HELIOCENTRIC COORDINATE REFERENCE FRAME X
X 1Al = 4, 4960E+4L (M) X
X SOLAR RADIUS = 0.0046524 <(Al) X
X X
X
X
X
X

PERIHELTON ALTETUDE ¢AL) X
X
PERALT = 0.04864
X
AR AR KKK AR ISR KA K 3K 3 KK KK KK IR KK K KK KoK KK KKK S KK KK o K
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RO A 0 KO KGO O o 8o 0 0 0 R o o 0K RO o 5K OO 0O O MO e R o
SET PROOF MABH mNITTﬂl GUNDTVIONU

THH EIIF 630 400 S0 0L HIED OYIT 4IR0 NIEO ASTE AVES OSED £330 0900 HHD 110 €RQ 110D €O1Y 1O 10D they o

L
X
X
X AXIES Y AXIS 7 ﬁX!W x
X
LS
X
X

PMXDL w0, 0 ) PMYD Lm0, 0 ) PMZDTm0 . 0
PROOF MASS INITIAL TRAJECTORY POSYTION (M)

X
X
X
X
X
X
X
X
X  PROOF MASS INITIAL VELOGITY (M/8EC)
* +
X
%
X
PMXT w0, 0 ) PMYLw0,0 ) PMZ Lm0 . 0
%
X
X

X
X
X
X
X
KK KR 0K 2K 2K 0O O K O R R R ROK KKK R 30K 5 0k o 3K KK R Ko o K ok ol ke

DOOROK KR KK R R MOR 1K KK KK K 0K K MK K o 3K K K KK K KRR K MK K XK K 0K K
SET SPQCRPRQFW LNIT]GL UUNDIT1ON

L R P T T T T T R T

X AXIS Y AX18 Z AXIH

e a2 a0 e TS ae 8 e e e 00 1ese Gare 1208 baeh saep

WXL=0 .0 y WYLwi 44E-4 ) WZlwQ, 0

THETXI=0,0 y  THETYXI=0.0 »  THETZI=0.0

X

b |

%

X

X

X

X

INITIAL ANGULAR RATES (RAD/SEC) ¥
X

X

X

X

X

INITIAL TRANSLATIONAL RATES (M/SEC) X
X

GEXDI=0.0 ,  8CYDI=0.0 ,  BCZDI=0.0

X

X

%

X

X

%

%

X

X

X

X INITIAL ANGULAR POSITION (RAD)
X

X

X

X

X

X INITIAL TRANSLATIONAL POSITION (M)
X
¢
X
X

X
X
X
8CX1=0.00 y  SCYI=0.00 y  BCZIwm+0 . 0082%
X
X
X

3K KK SRR KK 3K 3 K o 2K 0K o 2K 0 o KN KK KKK K KR 3K KK K K o K R 3Kk K KK K
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G Frorl e

ROR KO 0 O KOO 0 O O 0 O O 0o 0 2 S OO K O K K o 20K K

& X
X TURN_COMHAND THFORMAT LON X
X v o e X
X X
¥ NADLR POTINTING TURN RATE COMMANDS X
X X
CONSTANT NADIRXm( , 0 » NADIRY®wS 44E=4 , WADIRZmG. 0
COMMENT ¥ X
X X
X COMMANDED GPACECRAFT TURN RATES (RAD/SEC) X
X X
CONSTANT TRNTIM m 0,00
GONSTANT TRNXRTwg , PASE-E, TRNYRT®L, V45E~3, TRNZRTwS  P45E~"
COMMENT % X
X

X
KRR MG SRR MR KK R RO O A RO R 0 o K 3K 0 3K 3 oK 3 o o oo o o O K o Y 3Kk K 3R OK KKK 3K 5 0K

MR SKOR MK K K KRN KRR KKK K 0 K KOO 2o R R KO DK ¢ 0K K oK 0K O3 KK oK 3ok ¢

X X
X CONTROL. SYSTEM meowr leT(HQ X
* V4 1m m e  h O O 1 X
X X
CONSTANT TCBON=4 . 0 R ACHSON=4 . 0
COMMENT % e o o K 0 e 4 0 e i 8 0t X
X DRAG FREFE GAS JETS REACTION WHEELS X
X ¥
CONGTANT DFON=1 . 0 ) GION=0 . 0 ) RWON =4.0
COMMENT X X
X X
AR OR KK MO KKK R IOK KKK KK 8K MO 3 oK KK 0 O KK 9K 3o KK R SR SRR 33K KK K K

BRI HKORH RSO KA KK RN R ORI KKK KR 3K 0K KR 3RO 3k K oK

X X
X SET SIMULATION TIME *
X e 11 X
X X
CONSTANT FINTIM = 9 999 ) SIMTIM = .00
COMMENT % X
X X
AR OK R MR MK KK KK KR KKK R KKK K I R Ko 33k R 3 3k e 3 3Kk K KK Ko o 50K K

TRNXON=0 .0 # TRNYON=0.0 § TRNZON=0 .0
MANNRR=MANEUVH 4 % GO TO (ML, M2, M3, M4, M5) , MANNER
ML TRNXON=4 , 0 h GO TO MEND
Ma. TRNYON:=:4 . 0 $ (GO TO MEND
Md.. TRNZON=4 . 0 $ GO TO MEND
M4, . TCSON =0.0 % GO TO MEND
MY CONTINUE
MEND . LCONTINUE
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m*w*m*****m****m****mmm**m**mmmmm***m***mm**mm**w**w*mmm**w*mmm

COMMENT  SOREKKRKKOKKKKKKKK REACT ION WHEEL PARAMETERS  KKKKAKAN KKK K K oK

GOMMENT

COMMENT
COMMENT
COMMENT

CONSTANT
CONSTANT
CONSTANT
CONSTANT

COMMENT

COMMENT
COMMENT
COMMENT
COMMENT
COMMENT

COMMENT

m********m***mx**m*mmm*m*mmmmm*m*m**mmm*m**mm*m**mw*mw*mmmmmm*m
TRWMAX®4 . 00 & COMMENT MAXIMUM REACTION WHEEL TORQUE CAPARILLTY
*mm***mm*mm*m*m*mmmm**m***mm*m**mmm**m**********m*mmmmmm*m*mmm*

KRKHKAKKKKKIKKKK GAS JET THRUBTER PARAMETERS RO KA KA KK KK K ok X
***********t***************************************************

GASUSEm( ., 0 $ COMMENT INITILIZE (GAS USED

GIMOT = 0,040 L COMMENT GAS JET MINIMUM ON TIME
I8P m §4%.0 4 COMMENT SPECIFIC IMPULSE OF N2H4
FLIET=0, 4440 $ COMMENT FORCE OF ONE JET = 0.4 L}

CANT=&H2 . 0XPIE/4680. 0 # COMMENT CANT ANGLE OF JETS 9 THRU 416
FLIS=F L JETXSINCCANT) COMMENT FORCE OF A CANTED JET
FOIC=FLTETRCOSCOANT) ¢ COMMENT CANT ANGLE W.R.T. XY PLANE
GMFLOW=FLTET/ (18P XG)

BRIKRKKIORKKKOKKK DEFINE EACH GAS JET FORCE VECTOR kKKK KKIKKKKK K K

GJFV(L,1)=0,0 GIFVCL,2)=0,0 GIFVCL , B)aeF 4 JET
GIFVCR,4)=0.0 GIFVCR,2)=0 0 GJFVCR, 3y meF 4 JET
CIFVCE,1)=0.0 GIFUCE, 2)=0, 0 GIFV(3, 3)meF§ JET
GJFVC4,4)=0 .0 2JFVC4,2)=0, 0 GIFVC4, 3y maF L JET
GIFVCSE,4)=0.0 GIFVCS,2)=0, 0 CIFV(S, 3) mep 4 JET
GJIFVCE, £)=0.0 BIFVCH,2)=0, 0 GIFVCH , 3) maf § JET
GJFVC7,4)=0.0 GIFVC?,2)=0.0 CIFV(7,3) weFd JET
GJFY(B, £)=0.0 GIFV(B,2)=0,0 GJFV(S, 3) =L JTET
GJFV(P,4)=0.0 GIFYCY, @) ma X0 CIFV(P,3)m «OI6

GIFVCL0, 4)mp, 0
GIFVCLL, ) mmFTE
GIFVCLR, 1) meFOIC
GIFV(L3, 4)m0, 0
GIFYCL4, 4dmp, 0
GIFVCLS, 1) =eFQI0
GIFV (16, 1) =-FOI0

GIFVCL0, 2)ewFCre
GIFVCLL,2) =0 .0
GIFV(L2,2)=0 . 0
GJFVCLS, 2)maFOI0
GIFVCL4, ) e OI0
GIFVOLS, 2 =0 .0
GIFVCLe,2)=0.0

CIFVCL0,3) =FCI8
GJFVCL4 ,3) =0T 8
GIFVAR, 3 =-FOTS
GIFV(L3, 3)=-F (T8
GIFV(44,3)=-FOTs
CIFV(LS,3)=-FCI8
GIFV(L6,3) u-FOTs

***************************************************************
KRRRRAOIORKKR AR ON BOARD COMPUTER PARAMETERS RAMKKKK KKK KKK K
***************************************************k***********

tasafaestsvtstaes
FAL AR ERT AT LB SB RS S

SET EXECUTION INTERVAL FOR ATTITUDE CONTROL ALGORITHMS
ACEINC=CI

SET EXECUTION INTERVAL FOR TRANSLATION CONTROL ALGORILTHMS
TCHINC=C L

INITIOLIZE S/7C TURN CfMMAND INFORMATION

TURNON=4 . 0

TRINCX=TRNXRTRACSINCRTRNXON $ NADIRX=NADIRXXACSINC
TRINCY=TRNYRTRACS INCKXTRNYON $ NADIRY=NADIRYXACSH INC
TRINCZ=TRNZRTXACSTNCXTRNZON % NADIRZ=NADIRZXACSING
TRNCOX=0 .0 ® TRNCOY=4 . 00455 -3 % TRNCOZ=0. 0
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KRRRKAKK ATTITUDE RATE+POSITION CONTROLLER PARAMETERS ®oKKK KK KK
REACGTION WHEEL CONTROL LOOP PARAMETER VALUES

RWKPTX = 444, 4 RWKPTY = 444 6 ) RUWKPTZ w 144. 4
RWKRPX = 9,40 ) RWKRPY = 9 06 ) RWKRPZ = &, 4%

GAS JET CONTROL LOOP PARAMETER VALUES

ACBDR=0, 0S0%XPLE/460.0 6 COMMENT GAS JET ACS DEAD RAND SI1ZE
GIKRPX = 4, 7% ) STKRPY = 4,70 ) GIKRPZ = 4.7

ATTITUDE RATE ESTIMATOR PARAMETER VALUES

ATESKX = 0.0 > ATESKY = 0.0 ) ATEGKZ = 0.0

KEKKIOOKOKKX TRANGLATION CONTROLLER PARAMEETERS Kk 8K KKK KKK KKk

HOMASSE=4000.0

TCSDE=0. 00% % COMMENT  TCS DEAD RAND SIZE
ZDROFFw-0., 00442 % COMMENT 2 DEAD RAND SWITCH OFF LING
DFKRPX = 0.9 R DEKRPY = 0 % ) DFKRPZ = 0.%
DFINKX = ; DIFINKY 0.0 > DF INKZ 0.0
INTERX P INTERY 6.0 $ INTERZ 0.0

INITIALIZE POSITION INFOMATION FOR OBC

£3

oS U

&
i

# 5 i
P an 3 e

#§
i

SCXPME=SCXT-PMXT 4% BCYPME=EOYT-PMYT
BOEXESL=SCXPMI % GOYEST=8CYPMI
SOXDP T=GCXDI~PMXDL ¢ GCYDP I=8CYDI-PMYDI
SCXDET=SCXDP Y % SCYDEI=GCYDP Y

HSCZPMI=SCZT~PMZT
BCAEGI=HCZPMI
HOZDPI=GOZDI~PMZD T
SCZDET=8CZDP 1

® & BB

ESTIMATOR KNOWLEDGE QF THE 8/C €M

-~

SCOMXE=SCOMLYV(L) ¢ SCOMVE=SCOMLYV(2) % SCOMZE=SCUMLY 3D

DRAG FREE ESTIMATOR PARAMETER VALUFS

R=0.04

P14 Twi B+
PAa41=3 E+2
SGEP X410, Eed
ERXw(,0
ERXD=0, 0

PRAT=Z E+R
PUEST=Y  Ee
HOPY=40 . E+2
ERY=0.0

b ERYD=0.0

PE3Lud B
Pé6 =3 B+
HEP =40 B
ERZ=0.0
ERZD=0 .0

2 @~ v o~
BB v~

MR SRR KO KRR KK KK S K RO KKK KKK 3K K 5K 50 SKOK 3 R JOK SRR KK 3K o 36 3K K o 3K 0K o
KA KKK RKIAONOKKKK DISTUREANCE MODEL DATA KAk RKRICK KK A KKK KKK KKk
MR KR SO N0 o KKK KKK KKK OK 3K S KKK 3K 3K O KK KK 3K S5 3K K K 3K K SR K KK KK 3K Aok 3 3K 3K K
DISTON = 4.0 6 COMMENT ONZOFF SWITCH FOR DISTURBANCES

TDIGTX=0.00 $
FRISTX=0.00 #

TDISTY=0.00 i
FDIGTY=0.00 bt

TDISTE=0.00
FDISTZ=0.00
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KRR AORKARRAAKK KKK BOLAR RADEATION MODEL  RMKKNRR KR KKK KK KK KKK K
BOLAR RADIATION FORCE EQUIVELENT TO 40E-% "G"
FERuBOMABEHXGRL -5 #

FREIGwFER/40 ., 0 #
FHRCTC=40.0 L

COMMENT RANDOM FHR MEAN VALUE
COMMENT RANDOM F8R STANDARD DEVIATION
COMMENT RANDOM F8R CORRELATION TIME

KKKKRKKK PROOF MASSE CHARGE IDENTLFICATION DISTURBANCE KKOKKKHKKKK

PMMASE=0, 20 P COMMENT PM MASS (KG)
IDVOLT=4000.0 % COMMENT PM CHARGE ID VOLTAGE
IDK2m2 , 4E8 # COMMENT PM CHARGE ID CONSTANT

KK KK 2K 3318 0K 33K K K 6 oK K 6 o3 o 3 8 0 K o B 0K 3K 0K 3 K K3 ke ok K KKK o KK Kk K 3 3K 0k K ok

PZI,PAT,PAL,PET=HOK CINTTL, THETXY, THETYL, THETZT)
NXQDYN=0. % NXQDER=0. % NXQTER=0. ¢ NXQTINT=NXQINT+4 .

VARIABLE T=0.00 $ TIME=T-8IMTIM ¢ IFC(T.GT.FINTIMIGO TO FIN
DERUG T,4,0.

DERPDY=NXQADER~NXDERL # NXDERL=NXQADER # NXQDYN=NXQDYN+S .

THETAX=2. 0XP 4 L THETAY=2, O0XP2 $  THETAZ=2. 0XP3

AR K KKK KK KR K K 3K 30K 35K R B K 0 o o 3 K K 8 5 K 8 oK o 2K 3K ok Kk KoK oK ok oK oK oK

KKKKKIKKKOKKKKK OUTPUT AND PLOTTING INFORMATLON RRARKKKKKKKAKKK

SKHOK KKK IR K KA KKK K KKK S SRR KA HRACHHORAOK KKK KKK KKK AR KKK 5k

OUTPUT 100, TIME , TIME , TIME ,
THETAX,  THETAY,  THETAZ,
TRNCOX,  TRNCOY,  TRNGOZ,
WX , WY , Wz ,
WXEST ,  WYEST ,  WZEST ,
Wwxp o,  WYD ,  Wzp o,
COERRX,  COERRY,  COERRZ,
XCONON,  YCONON,  ZCONON,
TDESRX,  TDLBRY,  TDEGRZ,
TRWX ,  TRWY ,  TRWZ ,
TCX ,  TSCY ,  TSCZ
FGIX ,  FGIY ,  FGIZ
FECX ,  FSCY |,  F8CZ
PMX  , PMY , PMZ
PMXD ,  PMYD ,  PMZD
PMXDD ,  PMYDD ,  PMZDD ,
sex , @y , ez,
sCXD ,  8CYD ,  8ezd
GCXDD ,  GCYDD ,  SCZhD
GOXPM ,  BCYPM ,  SCZPM ,
GCXOK ,  GCYOR ,  SCZOR
GEXEST,  SCYEST,  SCZEST,
GOXDPM,  SCYDPM,  SCZDPM,
GCXDES,  SCYDES,  SCZDES,
XHDD ,  YHDD ,  ZHDD
SCXAPM,  SCYAPM,  SCZAPM,
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PREPAR

RANGE

i4

DFERRX ,
DEXCON,
INTERX,
RANDOM,
™ISTX,
NXRDER ,

’
THETAX,
WX )
Teex
FEex
ABERX ,
ARERXD ,
PMZ ’
8CZ )
aoxeM ,
SCXDPM,
INTERX,
TRNCOY,

THETAX,
TRNCOX,
WX )
WXEST ,
WXD ’
COERRX,
XCONON,
TDEBRX,
TRWX ,
TECX
FIX
FSeX
sex
GCXD
sCXnp
8CXPM ,
BOXEST,
PMX )
PMXD
PMXDD ,
ARERX ,
ABERXD,
BOXDPM,
$CXDES,
HBEXAPM,
DIFERRX,
DEFXCON,
INTERZ,
THISTX,
NXGDER ,

v v v~
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DFERRY,
DFYCON,
INTERY,
NJETON,
TDIBTY,
NXRDYN,
DERPDY,
THETAY,
Wy )
T8CY ,
F&eY
ABERY ,
ARERYD,
PMZD
sczn
GCYPM ,
SCYDPM,
INTERY,
CASUSE

THETAY,
TRNCOY,
WY )
WYEST
wYp
COERRY,
YCONON,
TDESRY,
TRWY
TSCY
FGIY
F8CY
8CY

SCYD
SCYDD
GSCYPM
SCYEST,
PMY
PMYD
PMYDD
ABERY
ABERYD),
SCYDPM,
GCYDES,
SCYARM,
DFERRY,
DEYCON,
NJETON,
TDISTY,
NXWDYN,

v %Y N v N

DFERRZ,
DFZCON,
INTERZ,
GASUSGE ,
FnIsTz,
DERPDY
TIME ,
THETAZ,
WZ ’
T8CZ
Facz
ABERZ ,
ARERZD,
8CZEST,
SCZhES,
sezPM |,
SCZDPM,
INTERZ,

THETAZ,
TRNCOZ,

WwZn )
(C0ERRZ,
ZOONON,
TDESHRZ,
TRWZ ,
T8CZ ,
FGIZ
F&cs
8CZ )
sezn o,
sCZony |,
sczrM ,
SCZEST,
PMZ ’
PMZD ,
PMZDD ,
ARERZ ,
ABRERZD,
SCZDPM,
HBCZDES,
SCZAPM,
DFERRZ,
DFZCON,
GASUSE ,
FDIBTZ,
DERPDY

se
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COMMENT
COMMENT
COMMENT

8AT. .
COMMENT

COMMENT
COMMENT

COMMENT
COMMENT
COMMENT

COMMENT

COMMENT
COMMENT

COMMENT

COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
NOGT . .

COMMENT
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NKOROK 8 3K 5K K OO o o 0 3K o 8K 63K R 0 8 0 38 0 0 R o 0 o 8 0K o 3K 3 o 0K 3K 8o K oK 0K o K 8 0 0K K k¢
RO AOKRORKKNOKIOROKKKKNKOKK DRIRLI LT MODEL  KKMOKRK KKK KK KKK KK 3ok ok KOK XK
OR8N KA O KK KK 0K 0 2 KK 0 3 80 0 0 K N 1 3K 8 0 K o 08 o 0K K K oK 2K 2 R 0K 0k 0K K 3K
YFOCWX.GT . 0.034907) WRITE (6,8AT)

TF (WY . GT.0.034907) WRITE (&6,8AT)

IF (WZ.6GT.0.034907) WRITE ¢6,8AT)

FORMAT (4X, ‘tttbtbbbdttd GYRO SATURATION +bdbbdddbbdd’)

HOK KRR 3K KR 2K R 3 K 8 K K 3 3 8 0 3K 8 o8 o o 8 3 3k K o 50 K 0 8K KK 3K 3 3 KKK 0K 38 0K 3K AR K KKK K oK
KORNRAOKAIONOIOKARORKNOORKKOKK  TCE SENEGOR  MODEL, %KMK KKK K K KK K K K oKk K 0K
AR RO KK R K 3 K KK K 0 3 K 3K 30K 0 8 6 KK K K 9K 3K o 3 30 3K 3K K 30K 9K ok 3 30k 3K 3Kk K o o oK 3K o K oK K
XNOISE=GAUBE¢0.0,50. 0E~6) $ SOXOB=8OXPM+XNOISE
YNOISE=GAUSE(0.0,%0. 0E~6) % SCYOR=ECYPM+YNO L SE
INOISE=GAUSE(0.0,50.0E~4) $ SCZ0E=8CZPM+ZNOISE

AR oo 0 o ok oo 8 o K e Kk 8 0K o o oK 3K 0K ok 3 K KKK K 3 00K KK SR ¢ K K K ¢ K K Kk K ¢ oK
ROk ON BOARD COMPUTER PROCESSING  RAKKKRKKACKK KKK KKK
K38 3K KKK K o KKK K K 3K K 8K 3 0K 0K 3 o 3K 3K oK K 253K 3 K 0 3 38 R KO K 3k 3K 3 0K K 3k 3K ok oKk ok KK K K
DO INITT J=4,46 # JETONCT) =0, 0 $ INITY. . CONTINUE
YokRRRKRRRRRKRKK GENERATE 8/C TURN COMMAND INPUTS Xkokkokkkokkkkkokkk
IF (T . GE.TRNTIM) TURNON=0.0

TRNCOX=TRNCOX+ TR INCXXTURNON+NADIRX

TRNCOY=TRNCOY+TRINCYXTURNON+NADIRY
TRNCOZ=TRNCOZ+TRINCZXTURNON+NAD IRZ

KOKKACRAKRKAOKNKKK ATTITUDE RATE ESTIMATOR dotoksiolokkokokok ok okl ok ok kok
ASSUME PERFECT ATTITUDE RATE ESTIMATION

WXE ST =WX $ WYEST=WY % WIEST=WZ

KKARAOKKKKAKK GAS JET RATECPOSITION ATTITUDE CONTROL ook klokkokkok
COERRX= (TRNCOX~THETAX-GIKRPXKWXEST ) XACHON

COERRY= CTRNCOY=-THETAY ~GIKRPYXKWYEST) XACHSON
COERRZ=(TRNCOZ-THETAZ-GIKRPZRWZIET I XACHON
XCONON=COMPARCCOERRX , ACEDR) ~COMPAR (~ACSDR , COERRX)
YCONON=COMPAR CCOERRY ,ACSDER) ~COMPAR (~ACHEDE, COERRY)
ZCONON=COMPAR (COERRZ, ACHEDE) ~COMPAR (~ACHDR, COERRZ)

ACE GAS JET FIRING LOGIC

IF CCGTON.LT.0.5) GO TO NOGY

CONTINUE

KKRORKKK REACTION WHEEL RATE+POSITION ATTITUDE CONTROL OKIOKKKKK
TDESRX:=~RWKP TX% CCTHETAX-TRNCOX ) ¢ RWIKRP XkWXEETY KACHON

TDESRY=~RUWKPTYXCCTHETAY-TRNCOY) +RWKRPYRWYEST) XACSON
TDEGRZ=-RWKPTZRKCCTHETAZ- TRNCOZ) +RUKRP ZXWZEST YXACSON

=2




COMMENT

COMMENT

XN..
xP . .
XOFF. .
YN..
Ye ..
YOFF .
IN. .

A
ZOFF. .

NODF . .

COMMENT

SUMJ . .

COMMENT
COMMENT
COMMENT

v
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KRR R IR RRKKIKAORRRRK TCH AL GOR T THME  KRKAKKRRAORR RO KKK AR
INTERXm ENTERX+HOXESTKACHING

INTERYmINTER Y+SCYESTRACHIND

INTERZm ENTERZ+BCZESTXACKING

DFERRX= C~BCXEST-LNTERXKDFENKX=DFKRPXKBCXDES ) K TCHON
DFERRY ¢ ~BCYESTINTERYKDF INKY=DFKRPYKSCYDES) XTCSON
DFERRZ ( ~SCZEST~INTERZKDF INKZ~DFKRP ZXSCZDES ) KT CHON
DFXCON=COMP AR (DFERRX , TCIDE) ~COMPAR (~TCHDE , DFERRX)
DFYCON=COMPAR (DFERRY , TCSDE ) =COMPAR (~TCEDE, DFERRY)

DF ZCON=COMP AR (DFERR Z, TCHDE ) ~COMP AR ¢ ~TESDE, DFERRZ)

IF (BCZDES.GT.~0.000%. AND, SCZEST L.T. ZDROFF) DFZCON=4 .0
TCS GAS JET FIRING LOGIC

IF (DFON.LT.0.%) GO TO NODF

IF (DFXCONY XN,XOFF,XP

JETONCE4)=4.0 & JETONCA&) =4 .0 ¢ JETON(3)=1.0 $ JETONC7)=1.0
GO TO XOFF

JETONCL2) =4 .0 ¢ JETONCLAS)=4.0 $ JETONCE)=4.0 & JETONC?)=4.0
CONTINUE

IF (DFYCON) YN,YOFF,YP

JETONCLO)=4 .0 ¢ JETONCAZ) =4 .0 4 JETONCL)=4.0 4 JETON(S)=4.0
GO TO YOFF

JETONCY) =4.0 ¢ JETONCL4)=4.0 ¢ JETONCA)=4.0 ¢ JETONC(H)=4 0
CONTINUE

IF (DFZECONY ZN, ZOFF, ZP

JETONC(L4)=4.0 & JETONCA2)=4.0 % JETONCAS)=4,0 ¢ JETONCL&6)=1.0

GO TO ZOFF
JETONC2) =4.0 ¢ JETONCA) =4.0 $ JETONCOH) =4.0 $ JETON(S) =4i.0
CONTINUVE

CONTINUE

FORAOK KRR AORKAORRAKKKKAKNKK GAS TET FUEL USAGE AKNOKKKIOORK K KROKK KK KO K XK

NJETON=0.0
D() SU”J ;”xi’ié)
NJETON=NJETON+JETONCT)

CONTINUE
GASUSE=GASUSE+NJIETONXGMILOWXGIMOT

KKK K KK 3K 3K K 3K K 3K 3K KKK 9K K 3K KKK K 3 3 KK 3K K 30K 3K SRR KR K KK K XK KOk 3K K
FORKKOKIOKKKOKK KKK ESTIMATOR PERFORMANCE EVALUATION RKIIORKIKKOKAK KKK X
KK 3K KK KKK K K KK K 3K 30K 3K 8 K RO KR 3K KK 63K 30K K KK 30K 3K 363K 0K O HOK IR SKOKK XK O K K

ABERZ:=ARS (SCZEST-SCZPM) $ ERZ=ERZ+ARERY
ARERZD=ARG(SCZDES~SCZDPM) % ERZD=ERZD+ARERZD

-




ORIGINAL PAGE 15 71
OF POOR QUALITY

CHOMMEINT KOOI R ORM R R0 K 8 o R ROK K 21K 0K 08 3 R K0 KK 0K R R K R 8 o K0 2 0 0k oK ok oK oK K
COMMENT XORKKKKKKKKRKNKKKK FORCES AND TORQUES ON G/70  RKRNORAN KKK KM OKKK Nk K
COOMMENT 80K MOK ORI 8K 0K 38R K K R KR K ¢ 0K KK 3K 0K 3o K8 3 oK 6 6 30 o 3 K 8 oK K K 0 K 8 o R 8 o oK 0K o ek o
FEOXmFGIX+FDIETX # FEC L) mFBOX
FELYaFGIY+FDIGBTY i FEC(ImF8LY
FEQ2=FGTZ+FDI8TZ # FEOCCIuFEOZ
TEOX=TEIX+TRWX+TDIHTX $ THC (L) =THOX
TECYRTEIY+TRWY+TDISTY L TEC(2)=THCY
THCZ=TEIZ+TRWZ+TDISTZ $ THO(F) wTHOZ
COMMENT J0KKKKKKKKKKAIOKKKKRKKK ESTIMATOR FORCE MODEL Rk ORK KA KK KK K 5K K Kok 0K XK
ESTFMXMFQJX+F8R*SIN(TH&TAY*N&DIRY)
ESTFMY=FGJY
ESTFMZ=FEIZ-FERYXCOS (THETAY~NADIRY)
COMMENT KK K 30K K 3k o 0K 0k K 8 0K K 5 3K o K 9K 0K K o KRR MK KK K3 KK 3K 0K 3K 0K 0 A R OKIOK 3 3K
DERIVATIVE STAR h CINTERVAL CI=0.040 # HMINT=4 E-40
XERROR WX wi E-4 ,WY =1 E-4 ,WZ ={ E-4
MERROR WX =4 E-4 WY =i E-4 ,WZ =i E-4
NOSORT
NXQDER =NXQDER+4 .
COMMENT 50Kk K 0K R0K oK K 80K oK 30K o 3K 3K OK K KK 3Kk R K oK 38 K o 3kt ko Rk 3K Ol R R e ROK 3K K K i ok koK ek
COMMENT ROKKKKKKKKKKKKKKKKKKK PM AND 870 DYNANICS RI0KKARK K 30K Rk 3kokokkkok koK xk
COMMENT KKKk 3K oK K 3K ok 3 o 50k 3¢ 3 3k Kk 3 38 00k ¢ oK k3 kRO 3K 3Rk 0k kb o s ok o sk ok sk e ok e kol ok e kol ok ook sk ok sk
COMMENT PM MOTION IN INERTIAL COORDINATES
PMXDD=0.0 $ PMYDD=0 .0 $ PMZDD=-BCZPMXTDK2XIDVOL THX2
PMXD =0.0 $  PMYD =0.0 ¢ PHZD =INTEG(PMZDD,PMZDT)
PMX  =0.0 $  PMY =0.0 $ PMZ  =INTEGC(PMZD,PMZI)
COMMENT %kkRXkkkkk 6/C ACCELERATIONS IN INERTIAL COORDINATES KKAOKKKkKKKK
WXD,WYD,WZD=HUK (RATE ,SCINRT, WX, WY, WZ, THCX, TECY, THCZ)
SCXDD=FECX/8CMASES ¢ SCYDD=FECY/SOMASE ¢ HCZDD=FSCZ/HCMASS
COMMENT RORRKKKKIORKKIOKKKKRK G700 RATES AND POSTTIONS skokkorskofokoork ol ok ok Kok ok

WX @ INTEGCWXD , WXT)
wy wINTEGCWYD,WYIL)
Wz mINTEGC(WID, WZI)
PZD,PAD,P2D,PAD=HCK (HCK ,PZ,P4,P2,P3,WX,WY,W2Z)
4 = INTEG(PZD ,PZI)
P4 w=INTEG(PLD,PLT1)
P& wINTEG(PED,P2T)
P3 = ENTEGC(P3D,P31)

SCXD =INTEG (SCXDD, SCXDI)
aeyYD w=INTEG(SCYDD,8CYDI)
8CZD =INTEG (SCZDD,8CZDI)
8Cx = INTEG (8CXD, 8CXT)
8Cy = INTEG(HCYD,8CYI)
1994 = INTEG(SCZD ,8CZ1)

ORGP P

e e i, B 725 P W

vt



COMMENT
COMMENT
COMMENT

COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
NODIST . .
COMMENT
COMMENT
COMMENT

COMMENT
COMMENT
COMMENT

GUMF ..

SUMT ..
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RO K3 R 30 KO R RO 5 O o oK O O 8 3 0 R R K SR R o KO O K 3 ol K oK o
FORH KKK ARKIORKKKARKKKK DEGTURKANCE  MODEL NOKKHORAORKNKIKK R KK KKK R HOK
OKOK OK 0K 2K KK K O KSR R R K R KSR RO AR K RO O K 2 R HOK KK OK KKK AR K KK 0K oK K

I (DIGTON.LT.0.5) GO TO NODI®T

RANDOM=QOU(FEROTC, T ,FERETE , FER)
FDISBTX=RANDOMKSINC(THETAY-NADIRY)
FOISTY=0.0
FDISTZ=-RANDOMKCOS(THETAY~NADIRY )

CENTER OF PRESSURE CALCULATION

GPXu0, 0 $ CPY=0.0 K
CMTCPX=CPX-8CONMLVCL)
CMTOPY=CPY-8COMLV(E)

CMTCP 2=CPZ~8CONLY (3)

CPZ=0.0

TDLSTX=+FDISTZRCHTCPY~FDIGETYROCMTCP Z
TDISTY==-FDISTZREMTCPX+FDIGTXKCMTOPZ
TDIBTZ=+FDISTYROHTORX-FDISTXROMTCPY

CONTINUE

****$**********************************************************
KRRIKRKKKKKAKK REACTION WHEEL INDUGED DYNAMICS MoKKKODKKARKKR A KKK
KKK K KK SR KK oK 3K ORI KKK SR K 3K 3K 3 K R K 3K 3 KK oK Kok s KR SKORHOKHOK K RSk KOk

TRWX = ¢ HOUND C~TRWMAX , + TRUMAX , TDESRX ) ) XRWON
TRWY= (BROUND ¢~ TRWMAX , + TRWMAX , TDESRY ) ) XRWON
FRWZ= CROUND ¢~ TRWMAX, + TRWMAX , TDESRZ ) )RRWON

A KK KN N KR KKK KKK 3K KA K KK KRR OK 3K K oK K KR AR AR K oK HOK oK o K KK
FOOKOKK KRN CKKKKKK CAS JET INDUCED DYNAMICS KRKKKHKRKKAKORKK KKK K
SRR KK 3K KK K 3K KK 3K K RO R K SRR K 3K KKK KK 2K K KK 3ok KSR KR KKK HOROK K KKK

K0 h FGI(L)=0.0 $ FEJ¢2)=0.0 & FGIC3)=0.0
DO SUMF J=1,7,2
Kl +4 $ JPi=F el $ JP@=J+8 ¢ JPR=+9

DO HUMF JJ=g,3
FQJC(K,JJ)NGJWU(J,JJ)*JHTON(J)+GJFU(JP1,JJ)*JETON(JPi)*

QJFU(JPG,JJ)*JKTON(JPB)*GJFU(JPW,JJ)*JETON(JP?)
FGICII) aFGF ¢TI +FEIC K, T

CONTINUE
FEIX=FEICL) $ FGIY=FGJS(2) $ FGIZ=FEY(3)
TEIX=0.0 $ TGIY=0.0 % TCIZ=0.0

DO SUMT J=1,4

TEIC(T, 4)=+FGIC (T, BVKCHTEIVCT ,2) ~FGIC (T, @) KCMTEIV(T, 3)
TEIC (T, 2)==FEIC (T, IIKCHTEIV (T, £ +FGIC(T , £) XCMTEIVCT , 3)
TGEICCT, 3d)=+FGIC(T, 2IKCMTEIV(T, 1) ~FGIC T, I KCMTEIV (T, @)
TEIX=TCIX+TEICT, 1)

TGIY=TEIY+TGIC(T,2)

TGIZ=TGIZ+TEICY ,3)

CONT INUE
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COMMENT
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KXKKKNK G/ ACCELERATION, RATE, POSITION RELATIVE TO PM RKKK¥OKK

BOXAPM=GOXDD=PMXDD & SCYAPMwSCYDD-PMYDD o 8CZAPM=GCZDD-PMZDD
BOXDP Mo BOXD P MXD $  BCYDPMuSCYD-PMYD & GOZDPMeGCZD-PMYD
BOXPMmECX-PMX h GCYPMmBCY-PMY % HBCZPMuBCZ~PMY

3K R 3K K 3 R M 3K R 3 3 K R R R 0 30 0 R K 333 o K2 oo 0 33 oo o 8 0K 0K ok oK
KKKAOKKRKRKKAKKKKKKRK TCH ESTIMATOR EQUATIONE K RRRIKKINOKKOR KKK K
SRR 512 31 0 3 31 0 5K 3 3 3K 8 o K ¢ 3 8 O K 3 0 SR 8 8 R 3 R o3 K 3 K 3 K3 3 3K o a3 o o 3K o ok o oK oK

CMAX=ESTFMX/80MAES+PMXDD
CMAY=ESTFMY/8CMASS+PMYDD
CMAZ=ESTFMZ/ SCMASS+PMZDD

FPR24  wPLAR(WYKWY+WZRWZ) +PIERCUZD~WXKWY ) +2 ., 0P 44 KWZ~P G4,
KCWYDHWXRWZ ) -2, 0XPHAKWY

FPER =PR2AKCUYRUY+WZRWZ) +PI2KCWZD~WXKWY I +2, 0XP 42KWZ~P 52
KCUYDHWXKWZ) -2, 0 XP b2XWY

FPRE  =PIARCUYRWYHWZRWZ) +PIIKCWZD~WXKWY )+, 0XP 43KWZ-PH3
KCWYDHWXKWZ) -2, OXP GIRWY

FPRA =PALKCWYRWY+WZXWZ) +PAZKCWZD~WXKWY ) +2 . 0KP 44KWZ-P 54
KCWYDHWXRWZ) -2, 0KP 6HAXWY

FP2E =PHAKCWYRWYHWZEWZ) +PSIKCWZD-WXKWY )2, 0XPH4KUZ P 5
KCWYDHWXKWZ ) & OKP HOXWY

FP2od  =mPoHLRCWYRWY+WZRWZ) +PHIK (WZD-WXKWY ) +2 , 0P HAKWZ-P &S
KCWYDHWXKWZ) =2, OXP HOEXWY '

FP4s wmeP K (WZDHWXKUWY ) =2 OKP 25 KWZHP LK CUXRWXHUWZRWZ) +P 54
KCWXD-WYXWZ)+2, 0XP6HAXWX

FPAR m-PRik(WZD+WXKWY ) =2, 0KPRAKWZ 4P B2K (WXKWX+WZRUWZ) +P 52
KCWXD-WYRWZ)+2, 0P H2KWX

FPA43 =wPIik(WZDHWXKWY )2 0KPI2KWZ4+P 3K CWXKWX+WZRWZ) +PHE
KCWXD~WYRWZ) +2, OXP 63IKWX

FPA44 a-PAfx(WZD+WXKWY )2 0KP42KWZ 4P 4ZK (WXKWX+WZRWZ) +P 54
KCWXD-WYRWZ)+2, 0XP&AXWX

FPAS a-PSLK(WZDAWXKWY ;=2 OXPS2KWZ+P GIK (WXKUX+WZRUWZ ) +P5HE
KCWXD-WYRWZ) +22, 0XP&HSKWX

FPas  w=ePOik(WZDHUXKUY ) ~2  0KPHEXKWZHP 63K (WXKWX+WZRWZ) +P 6
KCWXD-WYRWZ )+ 0XP bEXWX

FPoA =P AXCWYD-WXKWZ ) +2 . 0KPRAKWY ~PI4RCUXD+UYRWZ) -2, 0K
PALXUX+P SLKCUXKWX+WYRWY )

FP&R  =P2iXCUYD-WXXRWZ) 42, 0kPADRWY P 32K (WXD+WYRWZ) -2 . 0K
PA2XWX4+PS2% CWXRWXAWYRWY )

FP&H3 =P 3L CWYD-WXRWZ) +2 . 0XPI2KWY P33R CUXD+WYRWZ) -2, 0%
PAZKWZ 4P SIKCWXKWX +YRWY )

FPOA =P AL (WYD-WXKUWZ) +2 . 0KPA2RWY P ATK (WXD+WYRWZ) -2, 0%
PAAKUZ 4P HAK CWXKWX +WY XWY )

FPO6S  =PSARCWYD-WXKWZ) +2 . 0XPSERWY -PHIK(WXDHWYRWZ) -2 0%
PHAKWZHPSER (WXRKWXHWYRWY )

FPo&E  =POARKCWYD=WXKWZ) +2, 0XKPOH2KWY -PHIK(WXD+WYRWZ) 2. 0%
POARWZAP ESK CWXRWX+WYRWY)

DLt 2P ARP S LEPZLKPIT PG IRPS S
D2t wPLAKP 2L HPILRP P KPEL
D34 =P ALRP AL P BAKPIIHPHIXPSS
D41 SPLLRPAL+P I LRP 43+P S %P 54
D 2P LLRPGL+P 3 KPS 3PS RPSS
D4 P 44 RS4IPS AP LIPS ERP LS

-
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Daa mf A KE QL 4P BRRD B P GDKP GO
DBE - wP@4 KPP IRRP BB PGRARP G S
DAZ WP RLKPALEPFDRPAZPGAKP G4
DHE  wPRLKP G4 BERP I PGKP GY

]
DO wPBLKRPEHLHPBRKPHIEPHGRKP 6% ]
DAE P IEKPELP ZEKRP B I GIRP G !

DAJ wP ILKPALEPIIKPAZ+PGEKRP G4
DES wPILKPEL4PIIRP G IR GIRP GG
D6HS mP3IRPOHA+PIIRPHE+PSEIKP 45
Da4q w44 KPAL+P AIKP AR+ PGAKP G4
D4 P ALKP G +P AZKPEE 4P EAKP G ]
D64 w44 KP &b L+P ABKP b3+ PSAKP 6% ‘
DES =P GIKPSLEPEINPEI P EEKPES

D&E  wPGLKPEHL+PEIKP HI+PSEXP 65 J
DHbe =PHIRPHLHPOHIKPOILP HSKP &S {

Pid wINTEG (2, 0XP24-RXD4L,PL4T)

Pad mINTEGCP224FPR2L-RXDE4,0.0)

P34 wINTEG(P32+P44-RKDIL,0.0)

P4t @ INTEG(PA42+F P44 ~R%D44,0,0)

P& =INTEC(PHE+P&4-RX  DSL,0.0)

P&A @INTEGCP 62 +FP&HL-RXDAHL,0.0)

Pa aINTEGCR. 0XFPRE+GGPX-RXDAD ,PART)
P32 w INTEG (P 42+FPR3-RXD3IN, 0. 0)

P42 2INTEG(FP 424 FP24-RXDA42,0.0)

PEa w INTEG(POR+FPRG-RRDS2,0.0) {
P&E 2INTEGCFP 624 FPR6-RADGR,0.0) ;
P33 = INTEGCR . 0XP43-RXDEZ, P33 )
P43 wINTEG{FP43+P44-R%D43,0.0)
P%3 2 INTEG(POIX PHS4-REDE3, 0.0) i
P63 @ INTEG(FP&3+P64-RKDHZ,0.0) ;
P44 #INTEG (R, 0KFP 444 8GPY-RXDA4 ,PA4T) )
P54 2INTEG(P&4+FPAS-RRDE4, 0. 0)

P &4 @ INTEG(FP64A+FPA&H-RADEA,0 . 0) 4
P &% =INTEG(R, 0XPOHB-RRDES,PESB L)

P&t 2 NTEG(FP6S+P 66-R¥D6S, 0.0 ) ' :

Pbé =INTEG(R2. OXFPAHLAEEPZ~RXDEHEL , Pos 1)

LLXH  =8CXEST-8CCMXE $ LLXHD=GOXDES

LLYH  =8CYEST-S8COMYE $ LLYHD=SCYDES

LLZH  =8CZEGT~8COMZE $ LLZHD=SOZDES

XHDD et CMAX+H (WY RWY +WZRWZ ) KLLXH+ CWZD-WXKWY ) XKLL YH Ce .
L OKWZALLYMHD= CWYD-WXKWZ) XKLL ZH-2 , 0KWYXLLZHD

YHDD =t CMAY - CWZDHUXKWY ) KLLXH-2 0 KWEKLLXHD4 (WX XWX

AWZRWZ ) KLLY H+ CUXD~WYRWZ ) RLLZH+2 . ORWXXLLZHD
ZHDD  =+CMATH (WYD-WXKWZ) KL LXH42 0 KWY XL L XHD= CWXD
CUYKWZI RLLYH i ORWXOKLL YHD+ CWXRWXHWY KWY ) KL ZH
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COMMENT ESTIMATED G/C RATES AND POSITIONS RELATIVE TO THE PM
. BOXESTmINTEG CBOXDESHRECP 4 AKCBOXOR-BOXEST Y +P B (BCYOR-BOYEST) . .
o PG CHCZOB-BOZEET Y)Y , BOXEST)
; BOXDEGINTEG CXHDDHRK (P24 X CBOXOR-BOXEST ) +P 3K CHOYOR-BOYEHT) :
B FPSAKRCBOZOB-BOZEETY ), BEXDET ) 1
" BOYESTmINTEG(SCYDESHRRCPRLK(BOXOR-BCXEST ) +PIIR(BCYOR-BCYEST) . . .
; +PSERCHOCZOR-BLZEET) Y, BCYEST)
] SOYDESmINTEG CYHDDARK (PA4 K CECXOB-BOXEST ) +P 43K CHCYOR-GCYEST)
3 +PSAX(HOEZOB-SCZESTY )Y, BCYDED)
o BOZESTINTEG(BCZDESHRRC(PELKCBOXOR-BOXEST) +PHIRK(BCYOR-BCYEST) . . .
o +PSEXCBOZ0R-BOZEST)) , BCZEST)
= BOZDEGumINTEG CZHDD4RK (PHAXCSCXOR-BOXEST ) +P 63K (HCYOR-GCYEST)
:i +POBR(BCZOR-BCZEBT) ), BCZNETL)
3 COMMENT KKK KKK KK K K KK O K oK K 3K K HCOK KoK KK KK K AR OR3KOK 30K K K 3K KK 30K :
- COMMENT 3R SOK KRR SR K KK I KKK KA KK KK M R K KKK SR KKK KKK SR K oK 3K K K R o
ay COMMENT  HORKKK KRR ORI OK 3K KK KR KK RO KKK o 3K o oK R K 0 3K 3 K SO K o 3k K
L END
e END
. (ND
i TERMINAL.
- FIN.., CONTINUE
= AVERX=ERX/NXADYN ® AVERXD=ERXD/NXADYN
o AVER Y=ERY /NXGDYN 4 AVERYD=ERYD/NXQDYN
2 AVERZ=ERZ/NXADYN $ AVERZD=ERZD/NXADYN
- DERUG 3
B NXQTER=NXQTER+4, . '
4 WRITECH,F2)T,NXQINT, NXADYN,NXADER , NXQTER , DERPDY .
! F&2.. FORMAT (1X,6614.8) ;
4
END ,
END
: k
1
B ]
. ?
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APPENDIX E 85
CHARGING OF THE PROOF MASS DURING THE STARPROBE MISSION

Thia appendix is a summary of rosultas given In a detailed atudy
by M, Harel et al of JPL [7),

A preliminary analysis of charging of the proof mass during the
Starprobe Mission reveals that thc Jovian environment is the largest
contributor of charging currents, For our study we performed quantitative
estimates for the following environments: a) cosmic ray, b) Jovian
environment (considering perijoves of 3Rj and 9Rj), c) Solar environment
including the radiation due to solar flares.

We find that thé cosmic rays will result in a positive charge of
3.3 % 10-11 coulomb for a five year mission., The Jovian envi onment will

give a negative charge of 5,2-5.3 x 10-'7 coulomb. The typical large solar

flare environment is expected to result in a maximum pogitive charge of about

1 x 10-10 coulomb which is also small compared to Jovian environment (see
Table 1 below).

We should comment that this study will only give order-of -magnitude
type results, To achieve better estimates of the charging currents one
would have to do a more careful study that includes secondary particles,

neutron fluxes and more precise trajectory, The table below summarizes

our findings,

Table 1. Proof Mass Charping for Starprobe Mission

Electron Proton Net Clarge Charge per
Phase Current Current Current Per Day Mission Phase
(A/cn?) wo?)  W/ew?)  (Coulomb/Ga®~  Coulomb
day)

Coomic Ray  5.12x107%1  6,00x10"2% 5,57x10"2% 4.6x1071°  3.3p10710

{g§j§°’ 4.67x30712  1,07%1071% <4,66x1071% _4.02x10"7  -1.53x10°5
(1 day)
i:§j§°’ Lexto2 1x1071% L1ex1071? o1.38x1077  -s.2x10”7
(1 day)
Solar Enc.
Typical Large 1310-10
‘1 .
Flare (1 day)

Upper Limit

e e e e o it



